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ABSTRACT 
An analytical procedure was developed for trace-element 
analysis of sphalerite (ZnS) samples by spark-source mass 
spectroscopy.  The sphalerite was mixed with metallic silver 
(5-9's -200 mesh) and pressed into pointed electrodes.  Known 
Pb concentrations in the samples were used as an internal 
standard.  Relative sensitivities were theoretically calculated. 
The average standard deviation for multiple determinations was 
33% of the reported mean. 
This analytical method was then used to study the trace- 
element geochemistry of sphalerite (ZnS) from the zinc deposits 
of the Balmat-Edwards district which are enclosed in the highly 
deformed and metamorphosed Precambrian Grenville Marble Series. 
The analyzed samples were sphalerite flotation concentrates 
prepared from composite drill-core samples of each discrete 
stratiform ore body. The trace-elements determined by mass 
spectroscopy included Ba, Sr, Sn, In, Sb, Co, and Ge. Major-, 
minor-, and additional trace-element analyses for Zn, Fe, Mn, Cd, 
Cu, Ag, Pb, Hg, Ca, Mg, and Si were provided by the St. Joe 
Zinc Company. 
The analytical results on the sphalerite concentrates were 
assessed by multivariate R-mode factor and .Q-mode cluster 
analysis as a means of resolving geochemical trends related to 
the structural and stratigraphic position of the ore bodies.  The 
factor analysis results revealed several significant elements which 
are responsible for much of the compositional variation in the 
sphalerite concentrates. These include the trace element assem- 
blage Sr, Co, Ge, Ag (Factor 1); Zn, Hg, Fe (Factor 2); Si, Mg 
(Factor 3). Cluster analysis showed that the samples could be 
segregated into two (or three) distinct geochemical groups. 
The significant geochemical trends revealed in this study 
include an upward stratigraphic decrease in Zn and Hg, and an 
increase in Fe, Fe/Zn, Pb, Ba, and the trace-element assemblage: 
Sr, Co, Ge, and Ag.  The Si/Mg and Fe/Mn ratios showed no signi- 
ficant trends.  The stratigraphic distribution of ore bodies and 
their elemental concentrations suggests the occurrence of three 
stratigraphic ore horizons; the Lower, Middle, and Upper, 
corresponding to the three group cluster analysis model. 
The results of this study indicate that the geochemical 
characteristics of these deposits are compatible with their inter- 
pretation as submarine exhalative accumulations in an evaporite- 
carbonate shallow-basinal sequence on the rifted edge of a con- 
tinental margin. The metals may have been leached from felsic 
pyroclastic material by hot, migrating brines. The upward 
stratigraphic increases in Fe and trace elements in sphalerite 
suggest the possibility of a source of metals din magmatic 
differentiation of tholeiitic magma at depth. The deposits 
would have a distal relationship to any center of magmatic 
activity. 
High Hg values In the sphalerite are attributed to incipient 
hot spring and volcanic activity through the rifted continental 
crust and sediment pile.  The upward stratigraphic decrease in 
Hg is attributed to its early removal from the source and sub- 
sequent transport by the first volatile-rich hot spring waters. 
Mass transport of sulfides by plastic flow to structurally 
favorable sites resulted in considerable modification of the ori- 
ginal mineralogical proportions of the ore due to differences in 
plasticity. This process would increase the galena/sphalerite 
ratio and decrease the pyrite/sphalerite ratio of plastically 
deformed ore material. Changes in sphalerite composition as a 
result of plastic deformation were interpreted to involve re- 
equilibration of sphalerite with a new assemblage of mechanically 
injected co-existing phases.  The increased proportion of galena 
may be correlated with an increase in the Pb concentration in the 
co-existing sphalerite. 
INTRODUCTION 
The Balmat-Edwards zinc deposits occur in the Precambrian 
Grenville Marble Series of the Northwest Adirondack Lowlands. 
The original ore-mineral textures have been destroyed by deforma- 
tion and recrystallization accompanying regional metamorphism. 
Consequently, only ore-mineral chemistry remains as a potential 
clue to the genetic history of these deposits. The interpretation 
of earlier geochemical work was strongly influenced by precon- 
ceived views based on the magmatic-hydrothermal replacement 
hypothesis. As a result, both sampling and interpretation were 
biased by these views. Recent syngenetic interpretations for 
these deposits have been based largely on their geologic setting 
and detailed structural and stratigraphic relationships of the ore 
bodies.  The syngenetic view appears to be'more compatible with 
the known facts.  Such a genetic history involves an original 
primary mineralization contemporaneous with the enclosing sediments 
which were subsequently modified by regional metamorphism, folding 
and possible structural transport and re-emplacement of the ores 
through plastic deformation. 
Preliminary chemical data on sphalerite showed an apparent 
stratigraphic zonation of selected minor and trace elements.  It 
was these early geochemical trends that suggested the possibility 
that, if the deposits were indeed syngenetic, the chemistry of 
the sphalerite would show some resolvable relationship to both 
structure and stratigraphy.  It was proposed, therefore, to 
study the concentration and distribution of major, minor, and 
trace elements in sphalerite from different ore bodies in an 
attempt to characterize the geochemistry of the zinc deposits 
in the entire district. To do this, sphalerite concentrates 
were prepared from large composite samples of drill core designed 
to accurately represent each ore body. The gebchemical relation- 
ships between these ore bodies as revealed by the chemistry of 
their sphalerite concentrates and their structural-stratigraphic 
positions should permit an assessment of the syngenetic hypothesis 
and of the relative importance of subsequent deformational re- 
emplacement in modifying the chemical characteristics of the 
sphalerite. Finally, it was hoped that the chemical-variation 
patterns of the sphalerite would provide genetic constraints 
which would be useful in further exploration and development of 
the zinc deposits of the Balmat-Edwards district. 
GEOLOGIC HISTORY 
The Balmat-Edwards zinc deposits are essentially stratiform 
massive sulfide bodies composed dominantly of sphalerite and 
pyrite with minor galena, chalcopyrite and pyrrhotite. These 
stratiform deposits are enclosed in the highly deformed and 
metamorphosed marbles of the Precambrian Grenville Series in the 
northwest Adirondack Lowlands. The Grenville Series in this 
region constitute a thick, complex stratigraphic sequence (Fig. 1) 
(Lea & Dill, 1968; Dill et al., 1978) which has been divided into 
sixteen distinct units dominated by alternating dolomitic and 
silicated marbles. 
The marble units and enclosing gneisses have been complexly 
folded into a northeast plunging isoclinal syncline overturned 
to the southeast.  Brown & Engel (1956) recognized a second set 
of reclined folds attributable to a second deformation. Structural 
localization of the ore at the intersections of the large accor- 
dant folds is reported to be of common occurrence (Lea & Dill, 
1968).  Recent studies by DeLorraine (1979) have led to the 
recognition of a four-fold deformational history.  The resulting 
deformational structure at Balmat is shown in the structural 
sections in Figs. 2 and 3. 
In a recent tectonic interpretation, Romey et al. (1978) 
proposed a major nappe structure in the Northwest Adirondack 
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Lowlands. The recognition of a consistent stratigraphy in a 
multiply folded sheet led to the interpretation of a major 
recumbent structure.  The Grenville Lowland stratigraphy would 
represent the upper limb with the Highland Boundary as an axial 
plane thrust. 
Peak metamorphic conditions which prevailed during regional 
metamorphism of the Grenville Lowlands have been estimated by 
recent workers to be: 
a) 0.65 GPa (6.5 ± 0.5 kilobars) (20 km. depth 
of burial) sphalerite geobarometry (Brown 
et al., 1978). 
b) 625 ± 25 C calcite-dolomite geothermometry 
(Brown et al., 1978). 
These results indicate more intense metamorphic conditions than 
those of earlier workers (Brown & Engel, 1956) in Grenville rocks. 
The early genetic interpretation by Brown (1936a) and others 
(Doe, 1962a) was that the Balmat-Edwards zinc deposits were of a 
magmatic-hydrothermal origin.  Additional work by Solomon (1963), 
Lea & Dill (1968), Campbell (1974), and Dill et al. (1978) has led 
to the hypothesis that the deposit is syngenetic with the metasedi- 
mentary sequence and that it formed in a shallow lagoonal or eva- 
porite environment. These investigators cite the general conformable 
nature of the ores and the occurrence of anhydrite-rich layers 
within the marble sequence as evidence for this view.  Solomon 
10 
(1963) suggested that the marbles were deposited in shallow 
basins with localized fetid bottom depressions. 
Y 
Carl & Van Diver (1975) have shown that there is a strong 
chemical similarity between Grenville alaskites [igneous 
phacoliths of Buddington (1929)] and felsic ash flow tuffs. 
Thus, it is possible that metavolcanics are associated with the 
Grenville marbles. The alaskites, as a probable basal unit for 
Adirondack Lowland stratigraphy (Carl & Van Diver, 1975; Romey 
et al., 1978; Tietbohl & Bruce, 1978) might represent a volcanic 
pyroclastic floor for the Grenville marbles. 
Gilmous (1976) suggested the existence of several volcano- 
sedimentary cycles represented within the Grenville stratigraphy 
at Balmat as intercalated pure marble and impure calc-silicate 
marble units (see Fig. 4).  Stratigraphic units which may contain 
detrital volcanic components however are restricted to units 2 
(pyritic schist), 10 (talcose, diopsidic schist) and 15 (rusty 
phlogopitic marble) although this is still highly speculative. 
Felsic pyroclastic material could have been introduced as ash-flow 
tuffs or -as fine wind blown ash. The metals required for syngene- 
tic mineralization as well as the silica within the marble 
sequence could have been leached from the volcanic materials by 
migrating evaporitic brines and subsequently precipitated in 
favorable chemical sedimentary environments. 
11 
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12 
During deformation, disseminated sphalerite and minor galena 
and pyrite were locally mobilized into structurally favorable 
sites.  The mobilization is thought to involve both plastic 
deformation and hydrothermal fluids guided by zones of shearing 
and micro-brecciation (Lea & Dill, 1968). The ores of the strati- 
form deposits now exhibit textures and characteristics related to 
recrystallization produced during high-rank regional metamorphism. 
Primary textures have been effectively obliterated by thermal 
recrystallization and deformation which makes genetic interpreta- 
tions based on texture very difficult, if not impossible. 
Highly metamorphosed stratiform ore deposits often display 
"complex and paragenetically inconsistent grain boundary relations" 
(Kalliokoski, 1965) and may not indicate a sequence of mineraliza- 
tion.  Deformational textures would indicate a sequence of mobili- 
zation rather than a paragenetic sequence of primary mineralization. 
Thermal recrystallization and annealing would also obscure primary 
syngenetic or secondary deformational textures. Composition seems 
to be the only potential clue to the nature of the primary 
mineralization. 
13 
OCCURRENCE OF SPHALERITE AND ASSOCIATED SULFIDES 
The most common sulfide minerals In the ores of the Balmat- 
Edwards District are pyrite and sphalerite with which are 
associated minor amounts of galena, chalcopyrite and pyrrhotite. 
The mineralization ranges from fine disseminations to sharply 
bounded sheets and pods of fine to coarse grained polycrystalline 
aggregates of sulfides. The resulting ore bodies are often elon- 
gated in the plunge direction. Disseminated pyrite occurs through- 
out the stratigraphic sequence which encloses the ore bodies and 
extends as far as thirty miles along strike (Doe, 1962a).  Economic 
concentrations of zinc, however, are less extensive and thus far 
have been restricted to five ore-bearing horizons which include 
the following apparent groups of stratigraphic units: 
#6;    #7, #8, #9;    #11, #11A;    #12, #13;    #14. 
The ore bodies may be either conformable or discordant 
(Johnson & DeLorraine, 1979) with respect to the structure of the 
enclosing marbles.  The sphalerite shows a wide range of color and 
of grain size.  The color ranges from black to chocolate brown 
to yellow borwn.  The grain size ranges from fine disseminations 
to massive crystals with cleavage faces of several centimeters. 
The paragenetic sequences proposed by Brown (1963b), Doe 
(1962a), and Wiltse (1969) [see Fig. 5 for paragenetic sequences 
by Doe (1962a) and Wiltse (1969)] show major discrepancies in 
14 
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ordering and the interpretation of the nature of the later stage 
of mineralization. Several possible sequences of brecciation are 
proposed.  The "paragenetic" sequence must be interpreted in light 
of the recognition of the deformational emplacement of the sulfide 
ore.  Differences in plasticity of the sulfide minerals are respon- 
sible for some of the textural relations. 
Pyrite commonly occurs as porphyroblasts which are fractured 
and filled by galena, sphalerite and pyrrhotite.  Chalcopyrite 
often occurs as fracture fillings in pyrrhotite (Doe, 1962a; Wiltse, 
1969).  Related textures occur between the silicates and carbonates 
as shown by carbonate fracture fillings in silicates and talc 
fracture fillings in gangue carbonates and sulfides. 
The sphalerite typically shows bent and kinked annealing twin 
lamellae and highly sutured grain boundaries in coarse recrystallized 
grains which suggests deformation after structural emplacement and 
thermal annealing (Stanton, 1972).  Galena shows apparent complete 
post tectonic recrystallization to large strain-free grains 
(Stanton, 1972). 
Macroscopic ore textures show signs of mechanical segregation 
of pyrite by plastic flow of sphalerite.  Some brecciated ores 
are composed of rolled and milled gangue fragments in a sphalerite 
matrix.  Structural emplacement of sulfides has resulted in 
considerable modification of the primary mineralization. 
16 
DESCRIPTION OF ORE BODIES 
The ore bodies which were sampled for this study are 
arranged in three distinct groups of ore bodies within the 
Balmat mines referred to as the No. 2, No. 3, and the No. 4 mine 
ore bodies.  The No. 2 mine ore group is located in the Balmat 
syncline (see Fig. 2) and is generally more pyritic with a 
relatively dark iron-rich sphalerite. The host rocks for this 
group constitute the upper stratigraphic units. The No. 4 mine 
ore group occupies the Fowler syncline, the host rocks for which 
represent the middle stratigraphic units.  The No. 3 mine ore 
group is located on the northwest limb of the Fowler syncline and 
is relatively low in pyrite with a light-colored, less iron-rich 
sphalerite.  Its host rocks make up the lower stratigraphic units. 
The following detailed discussions of the individual ore 
bodies are taken from Dill, et al. (1978).  The location of these 
ore bodies is shown in Fig. 2. 
No. 2 Mine Ore Group 
The No. 2 Mine ore group includes the Main & Streeter, D-3 
Hanging Wall, Number One Zone and American ore bodies.  The Balmat 
syncline is the dominant structure.  Rock types in the Balmat 
syncline include: 
Unit 13:  talc-tremolite schist 
Unit 14:  a) banded quartz diopside marble (Main) 
b) calcitic siliceous marbles (Streeter) 
17 
c) serpentine-bearing diopsidic marbles 
(D-3) 
Unit 15: phlogopitic marble 
Unit 16: median gneiss (Fig. 6) 
The Main, Streeter and D-3 Hanging Wall ore bodies occur in 
the subunits of the #14 unit as indicated above. The Main & 
Streeter ore bodies consist of massive medium to coarse grained 
sphalerite up to 15 meters (50 feet) thick.  The pyrite content 
is variable and ranges up to 80 volume %.  The ore is localized 
in subordinate folds (Main) and tabular conformable bodies in the 
SE footwall limb (Streeter) of the Balmat syncline.  The D-3 
Hanging Wall ore body occurs near the hinge of the syncline, and 
occupies tightly folded crests and troughs commonly at or near 
contacts with tremolite marble and quartz diopsidic marble. 
Later shearing and brecciation, particularly in the D-3 ore 
body, led to extensive oxidation and development of a supergene 
mineral assemblage. 
The Number One Zone ore body occurs in the highly silicated 
rocks of unit 11 (anhydrite-bearing siliceous diopsidic marble) 
and it is stratigraphically and structurally below the ore bodies 
which occur along the axis of the Balmat syncline. The local 
structure is an overturned syncline that shows pronounced 
thickening in the hinge of the fold and the development of a hook- 
shaped pyritic ore body with a plunge extension of 460 meters 
(1500 feet) as explored so far. 
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The newly discovered American ore body occurs at the con- 
tact of units 8 and 9 which consist of siliceous diopsidic 
marble-dolomitic marble.  It is stratigraphically and structurally 
below the Number One Zone ore body. The ore body is a tabular, 1-6 
meter thick (4-20 feet), body with a plunge extension of 850 meters 
(2800 feet) as explored so far.  It is composed of high-iron sphal- 
erite with associated pyrite. 
No. 4 Mine Ore Group 
The No. 4 Mine ore group includes the Fowler, Upper Fowler 
and Mud Pond ore bodies.  The Fowler ore body is located within 
the nose of a major early isoclinal fold known as the Fowler 
syncline.  The mineralization is concentrated in the nose and 
axial plane of this structure with a plunge extension of at 
least 1065 meters (3500 feet).  The limbs of the Fowler syncline 
are separated by axial plane faults which include the prominent 
Fowler Fault and the Upper Contact Fault of the Lower Limb. The 
Main Fowler Fault zone is occupied by anhydrite with large sheared 
blocks and slices of units 12 (dolomite) and unit 13 (talc- 
tremolite schist) (Fig. 7). 
Both limbs of the Fowler structure are attenuated up plunge. 
Down plunge thickening of the Lower Limb ore with development and 
attenuation of the Upper Limb ore is apparent from mine sections. 
Early folds, fault surfaces and second phase folds are gently 
refolded by open NNE trending third phase folds and NW trending 
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fourth phase folds which locally steepen the plunge of the ore 
bodies. / ' 
The ore mineralogy is simple and consists of medium- to 
coarse-grained sphalerite with variable amounts of pyrite and 
quartz and local concentrations of galena. Layering due to 
mechanical segregation by flow is defined by alternating 
sphalerite- and pyrite-rich layers developed parallel to the 
axial-plane faults.  Tectonically rounded and milled inclusions 
of anhydrite, quartz, diopside, dolomite and tremolite are 
abundant locally. 
Six subdivisions of the Fowler ore structure have been 
designated based on their particular structural position within 
the Fowler syncline. These subdivisions include the Upper Limb, 
Lower Limb, Crosscutting, Upper Contact, 12/13 Contact and the 
Horsetail Ore zones. 
The Upper Limb, Horsetail and Lower Limb ore zones occur in 
a series of conformable layers extending away from the faulted 
axial plane of the Fowler syncline.  The Upper Limb and Horse- 
tail ore zones extend away from the Fowler Fault.  The ore is 
generally parallel to bedding, but it is locally transgressive and 
fills gash veins connecting ore horizons. Locally, significant 
concentrations of galena occur in the up-dip, finger-like extensions 
of the Horsetail ore zone and transverse fractures. The Lower Limb 
ore zone extends away from the Upper Contact Fault into the Lower 
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Limb. The ore is generally parallel to bedding but is locally 
transgressive and it is thickened in subordinate folds. 
The Upper Contact and Crosscutting ore zones are localized 
along the Upper Contact and Fowler Faults, respectively. 
Mineralization truncates bedding at high angles and fills 
fractures in competent country rock. The Crosscutting ore zone 
connects the Upper Limb and Horsetail zones with the Fowler Fault 
and extends outward along the fault to the unit 12/13 Contact ore 
zone. 
The Upper Fowler A & B ore bodies (actually the same ore 
body, but different parts) overlie the Fowler structure in the 
stratigraphically lower units #7 (H2S-bearing dolomite), #8 
(siliceous diopsidic dolomite) and #9 (dolomite). The ore body 
is tabular in shape, approximately 60 meters (200 feet) wide and 
up to 2 meters (7 feet) thick with a plunge extension of over 460 
meters (1500 feet).  The ore is localized along the low-angle 
Upper Fowler Fault and is not restricted to a particular strati- 
graphic unit.  Zinc-rich sections along the contact between units 
7 and 8 and the contact between units 8 and 9, have been termed 
the Upper Fowler A ore body and the Upper Fowler B ore body, 
respectively. 
The undeveloped Mud Pond ore body is localized in unit #8 
(siliceous diopsidic dolomite) near the contact with unit #7 
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(H.S-bearing dolomite) in a second phase overturned syncllne with 
at least 610 meters (2000 feet) of plunge extension. The zinc-rich 
zones occur as thin low grade bands of finely disseminated 
sphalerite in the serpentine-bearing dolomitic marble and quartz- 
diopside marble host. 
No. 3 Mine Ore Group 
The No. 3 Mine ore group includes the Upper Gleason, Lower 
Gleason, West Gleason, Loomis A, Loomis B and Loomis C ore bodies 
(Fig. 8).  The West Gleason and Loomis C ore bodies were not 
sampled for this study due to their preliminary stage of develop- 
ment.  Loomis C, in this study, refers to a composite sample 
representing Loomis A and Loomis B. 
The Upper Gleason ore body is a lens shaped conformable body 
of high grade sphalerite ore enclosed in the lower half of unit 6 
(siliceous diopsidic dolomite). This is stratigraphically the 
lowest of all the Balmat ore bodies. The ore has a maximum thick- 
ness of up to 15 meters (50 feet), and a plunge extension of 425 
meters (1400 feet) before it abruptly pinches out. Numerous late 
reverse and strike-slip faults segment the ore body and promote 
the development of hematitization along fractures within the ore. 
The Lower Gleason ore body is enclosed in unit 6 at the 
contact with unit 7 (H2S dolomite) along an early high-angle 
reverse fault termed the Gleason fault, which is associated with 
a second phase fold. The ore is concentrated in brecciated 
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hanging wall rocks of unit 6 immediately adjacent to the fault. 
Mineralization is restricted to dissimilar lithologic contacts 
and to crosscutting stringers and veinlets in fractured competent 
quartz-diopside layers dying out away from the fault. Additional 
streaked out mineralization occurs in deformed footwall marbles 
which have a well-developed foliation parallel to the fault. 
Later folding of the Gleason Fault by third- and fourth-phase 
folds is evident. Later steep NNW strike-slip faults cut the ore 
body resulting in hematitization of the ore and talcose alteration 
of diopside similar to that in the Upper Gleason ore body. 
The Loomis ore bodies occupy the hinge and sheared limb of 
the second phase Loomis "S" fold which has a present plunge exten- 
sion of 915 meters (3000 feet).  Ore occurs in unit 8 (siliceous 
diopsidic dolomite), at the contact of units 7 and 8 (Loomis A), 
within units 8 and 9 (dolomite) along crosscutting shear planes, 
and along the contact of units 9 and 10 (Loomis B).  Later 
refolding and faulting, similar to that in the Gleason ores, are 
evident. 
Unassigned Ore Bodies 
The Sylvia Lake ore body is located between the Fowler and 
Balmat synclines on the northwest limb of the American Anticline. 
The mineralization occurs as a conformable band in unit 11 (Upper 
Sylvia Lake, siliceous diopsidic marble with anhydrite), as a 
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transverse shear plane across unit 12 (dolomite) and at the con- 
tact of units 11 and 12 (Lower Sylvia Lake).  The ore body is 
tabular (1-3 meters (2-10 feet) in thickness, 60-240 meters (200- 
800 feet) in strike length) and has a plunge extension of over 
1830 meters (6000 feet). The ore bodies and associated struc- 
tures have been subjected to third- and fourth-phase folding. 
The Wight ore body occurs as a thin high-grade interval 
within a quartz diopside member of unit 12 at the contact of 
units 12-13.  The ore lens is 1-4 meters (2-14 feet) thick and 
has a maximum strike length of 180 meters (600 feet).  The down- 
plunge extension is limited and restricts the ore to within 45- 
120 meters (150-400 feet) below the surface. 
The Hyatt and Edwards Mines were included in the suite of 
samples to provide a more regional base than would be possible 
with the Balmat ore bodies alone.  All of their respective ore 
bodies are included in each sample.  The Hyatt ores are restricted 
to rocks which are believed to be correlated with unit 14.  The 
Edwards ores and host rocks are undifferentiated. A mappable 
correlation between these rock units and the Balmat stratigraphy 
is not possible at this juncture. 
COMPOSITIONAL CHARACTERISTICS OF SULFIDES FROM BALMAT-EDWARDS 
Analyses of sphalerite concentrates from Balmat-Edwards by 
St. Joe zinc Company show, in approximate order of decreasing 
abundance, the following metallic cations:  Fe, Pb, Mn, Cd, Cu, 
Hg, As, Ga, Sb, Co, Ag, Ni, Tl, Ge, Bi, Sn, and In (Dill, 1977). 
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Additional analyses (Dill, 1977; Doe, 1962a) report the presence 
of trace amounts of Ba, Cr, Ti, V, Zr, and Mo. 
Doe's study (1962a) of the composition of Balmat sulfides 
which was carried out by emission spectrographic methods was 
concerned with the compositional variations of sulfides between 
mines and within ore bodies. He found that the trace element 
concentrations in specimens of the same mineral from the same level 
within an ore body were highly variable.  In sphalerite, cadmium 
exhibited the narrowest concentration range of 1000-2000 ppm 
where as other elements ranged in variability from a factor of 5 
for Mn to a factor of 100 for In.  Doe concluded that the elements 
in sphalerite and pyrite in order of increasing variability are: 
Cd, Mn, Ga, Ge, Cu, In and Mn, Co, Ag, Ni, Cr, respectively.  No 
distinct trends within the ore bodies could be detected although 
a possible uniform increase in the Mn and Ag contents of pyrite 
down the plunge of the central #2 mine ore body was suggested. 
The high degree of variability in trace-element content of the 
sphalerite and pyrite makes any trend analysis difficult; however, 
distinct compositional differences in these minerals from different 
mines and ore bodies were detected. 
Small compositional differences between the minerals in 
ore bodies of the #2 and #3 Balmat mines were noted by Doe (1962a). 
The sphalerite of the #2 mine (units #12, 13, 14) generally con- 
tained more Fe, Ga, Ge, Cu and less Mn than that of the #3 mine 
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(units #6, 7, 8, 9). The pyrite of the #2 mine generally con- 
tained more Mn and Ag and less Co and Ni than that of the #3 
mine.  Doe found that the Fe content of the sphalerite could 
more effectively characterize the different ore bodies than any 
other element. 
Doe noted that there were distinct compositional differences 
between the pyrite from the surrounding metasediments and the 
pyrite from the ore bodies.  The pyrite from the metasedimentary 
rocks contained more than 200 ppm Co  and Ni while the pyrite from 
the ore bodies contained less than 50 ppm.  Doe (1962a,b) concluded 
/ 
that the ore minerals were not derived from the surrounding meta- 
sediments.  However, lead isotope determinations (Doe, 1962b) 
indicated that the ore could only have its origin from the sur- 
rounding marbles if the homogeneous isotopic mixtures in the ore 
minerals were obtained from an isotopically heterogeneous source 
rock. A strong similarity between the ore lead and lead from 
granitic feldspars suggests that the regional granitic rocks can 
not be discounted as a source for the ore minerals (Doe, 1962b). 
Sulfur isotope determinations by Solomon (1963) on Balmat 
sulfides indicate a high positive 63I*S distribution. The values 
showed a restricted range possibly attributable to homogenization 
during metamorphism. High positive 63t*S values at Balmat are 
similar to those of other stratiform ore deposits associated with 
a volcanic component. Whelan's study (1974) on the isotopic coo- 
position of the anhydrite lenses in the carbonate sequence revealed 
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a positive upward stratigraphic increase in the 63l*S values 
which he attributed to the conditions during original sedimentary 
deposition 
MINERAL CHEMISTRY OF SPHALERITE 
Sphalerite has a face-centered cubic structure and is iso- 
structural with diamond. The ideal composition is ZnS with the 
+2 Zn  in tetrahedral coordination with the sulfur. The sphalerite 
lattice permits extensive cation substitution in natural material. 
Li mi ted atomic-substitution series exist between ZnS and FeS, CdS, 
MnS and HgS (Vaughn & Craig, 1978). A compilation of wet chemical 
and emission spectrographic analyses of sulfides by Fleischer (1955) 
reveals the presence of a ubiquitous assemblage of minor and trace 
elements in the sphalerite structure.  Those met often reported 
include in an approximate order of decreasing abundance: 
Fe, Mn, Cd, Cu, Co, Ni, Ge, Ga, As, Pb, Hg, In, Sb, Sn, Ag, 
and minor amounts of others. 
There are four mechanisms by which these elements may be 
incorporated within the sphalerite structure: 
+2 1) Mutual substitution for Zn  including 
+2   +2   ,+2   +2   +2   ^+2 Fe  , Mn , Cd , Hg , Co , Ni  , etc. 
30 
2) Coupled substitution of elements such as 
. +1  «. +1  „ +3  „ +3  _ +3  _. +3  _ +4 Ag  , Cu  , In  , Ga  , As  , Sb , Sn 
through some of the following mechanisms: 
a) 2Zn+2 for M+1 + M+3 
+2     +4 b) Zn  for M  + Zn vacancy 
c) Interstitial substitution. 
(Platonov & Marfunin, 1968) 
3) Structural-defeet concentration including 
grain boundaries and crystallographic 
defects with the capability of incorporating 
such large cations as Ba, Sr, Pb and REEs (Graf, 
1977). 
4) Discrete phases as microscopic and submicro- 
scopic inclusions in intimate association in- 
cluding other sulfides and gangue minerals. 
Naturally occurring ZnS ranges in color from honey yellow 
to reddish brown to black whereas pure synthetic ZnS is white. 
Color in minerals is generally attributed to absorption bands 
in the optical spectrum caused by electronic transitions between 
energy levels in ions which occur as compositional components 
(Platonov & Marfunin, 1968). 
Color has the potential of serving as a sensitive indicator 
+2 
of chemical composition.  In sphalerite, the Fe  ion appears to 
be the chief coloring agent (Platonov & Marfunin, 1968).  Low Fe 
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sphalerite (<5 wt%) is generally light yellow and high Fe 
varieties are brown to black but quantitative correlation is 
poor at best (Roedder & Dwornik, 1968).  A degree of non-stoichi- 
ometry has been detected (0.9%) (Scott & Barnes, 1972) which may 
be responsible for most of the color in sphalerite (Togari, 1961; 
Scott & Barnes, 1972). The dark-color of sphalerite may be due to 
excess sulfur with respect to the cations rather than enrichment 
in Fe. 
Additional color hues become evident when the Fe content is 
relatively low (^1%).  Such colors, which are reportedly charac- 
teristic of specific groups of trace elements, are as follows: 
a) Green - Co 
b) Red - Sn, In, Ag, and Mo 
c) Yellow - Ge, Ga, Cu, Hg, Cd (Deer, Howie S 
Zussman, 1966). 
Optical absorption spectra of sphalerite (Platonov & 
Marfunin, 1968) indicate the following: 
+2 
a) Yellow to brown - Fe 
+2 b) Green to blue green - Co 
c) Red-orange - Ag  , Cu , In , Ga , As , 
Sb  , Sn  . 
Cd, Ni, and Hn are reported to have no effect on the color of 
sphalerite (Platonov & Marfunin, 1968).  The presence of Fe 
has not been detected (Scott, 1971; Platonov & Marfunin, 1968). 
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Other sources of color in sphalerite that have been investigated 
include radiation damage and organic inclusions but with negative 
results (Roedder & Dwornick, 1968). 
Synthetic ZnS is a commercial phosphor.  Natural sphalerites 
commonly exhibit luminescence, cathodoluminescence (electron 
induced), fluorescence (UV induced) and triboluminescence (scratch 
induced) (Leverenz, 1950).  The characteristic luminescent colors 
and their associated activator ions include: 
a) orange-yellow-red:  Mn, Fe 
b) green:  Cu 
c) blue: Ag (Grafenauer, 1969) 
and 
a) red:  Cu, Ga 
b) green:  Cu, Ge      (Remond, 1977). 
The luminescent mechanisms involve emission of photons by 
electron energy level transitions induced by energetic bombarding 
radiation.  Triboluminescence, which is present in Balmat sphalerite 
has been attributed to an imbalance of charge between separating 
crystal planes.  At an initially small interplanar spacing, the 
electrons jump from the negative crystal face and strike the 
positive face to induce luminescence.  This is a common phenomenon 
with ZnS doped with Mn (Leverenz, 1950). 
33 
The concentration and distribution of minor and trace 
elements within a precipitating sulfide phase such as sphalerite 
are controlled by the physico-chemical conditions of formation. 
The dominant factors involved appear to be the following: 
1. Source of ore constituents, 
2. Distribution between precipitating phases, 
3. Post depositional modification by diagenesis 
and metamorphism. 
The genetic source of the ore forming elements and their 
associated minor- and trace-element impurities is of great 
importanct in this study.  The stratigraphic sequence which is the 
host for the ore bodies in the Balmat-Edwards area suggests a 
shallow-water marine or sabkha-type environment in which there 
was possibly a minor volcanic component.  Syngenetic deposition of 
sulfides in equilibrium with pore solutions or concentrating brines 
would result in the incorporation of trace element impurities within 
the precipitating mineral phase.  In the simplest hydrothermal 
system, the ore-forming constituents and their associated impurity 
elements would represent a simple two component system consisting 
of: 
A. Hydrothermal elemental assemblage from a 
direct magmatic source, including volatiles 
and metallic elements 
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B. Trace gangue elemental assemblage incorporated 
from the host minerals. 
Unfortunately, natural systems are not quite as simple. 
Many constituents of the ore fluids are incorporated indirectly 
into the solution through rock-seawater interaction involving 
both sedimentary and volcanic rocks. Metallic elements leached 
from the volcanic components of the sedimentary pile may be 
the chief source of ore forming metallic cations in the ore 
fluids as well as non-metallic brine constituents (Stanton, 1972). 
The nature of the intercalated volcanic rocks within the sedi- 
mentary pile would ultimately determine the type of metallic 
assemblage deposited. 
The alteration of mafic minerals in volcanic rocks and 
basaltic glass by seawater releases Fe and Cu to solution. 
Preferential alteration of feldspar phenocrysts in felsic ash- 
flows and tuffs would lead to solutions relatively concentrated 
in Pb, Zn, and Ba and enriched in the heavy REE with a higher 
Pb+Zn/Cu ratio than for mafic lavas (Graf, 1977). 
Elemental additions to the ore fluids from sedimentary 
components must also be considered.  In the Red Sea ore solutions, 
it appears that the major components of the brines are acquired 
from the country rocks through dissolution by hot migrating 
seawater.  Thick sections of evaporites and carbonates might 
serve as a source for brine-forming constituents (Stanton, 1972). 
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In a submarine-exhalative sedimentary sequence which 
contains evaporites and volcanic rocks, therefore, the elemental 
constituents would belong to an idealized four component system 
as follows: 
A. Magmatic hydrothermal assemblage 
B. Leached volcanic assemblage 
C. Leached evaporite assemblage 
D. Normal seawater assemblage. 
The crystal structure of each precipitating sulfide phase 
and the corresponding stereochemistry of the cations places 
major constraints on the associated trace-elements.  Incorpora- 
tion within the structure depends primarily on ionic size, 
electronic charge and affinity for sulfur.  The major elements, 
by virtue of their similar characteristic properties, exhibit a 
primary control over the concentration and distribution of the 
"compatible" trace element assemblage (Buseck & Veblen, 1978; 
Badalov, 1965). 
Partition and distribution coefficients have been experi- 
mentally determined and theoretically calculated to model the 
behavior of minor and trace elements during precipitation with 
other coexisting phases.  Some elements are preferentially 
fractionated into the sphalerite structure.  The analyses reported 
by Fleischer (1955) suggest a fractionation of Mn, Cd, Ga, Ge, In, 
and Hg into sphalerite rather than the associated pyrite or 
galena. 
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The distribution coefficients for some of these elements 
in coexisting sulfides have been shown to be temperature dependent 
(Ghosh-Dastidar et al., 1970; Hall et al., 1971; Bethke £ Barton, 
1971).  This may account for the generally high Ga and Ge and low 
In values (Fleischer, 1955; Loftus-Hills & Solomon, 1967) for 
sphalerite and the low Ag, Sb, and Bi values for galena (Loftus- 
Hills & Solomon, 1967) in that they reflect the relatively low 
temperature of formation. 
Precipitation from an aqueous solution is controlled 
dominantly by Eh and pH conditions. The different response of Fe 
and Mn to varying Eh and pH has enabled Whitehead (1973) to 
use the Fe/Mn ratio to moniter changes in the environment of 
formation of sulfides assuming a syngenetic aqueous geochemical 
model for stratiform deposits in New Brunswick. 
The distribution of multi-valent trace elements in coexist- 
ing sulfides can be strongly influenced by Eh (Troshin, 1965). 
The elements Cu, Sn, As, Sb and Mn are distributed non-systema- 
tically whereas the singly valent elements such as Cd and In are 
distributed in constant ratios in deposits of different formation 
conditions. The difference in apparent geochemical behavior is 
attributed to the oxidation-reduction regime within the system. 
Different valence states result in ions of significantly different 
sizes and charge. This will alter the distribution for such 
elements in accord with the structural chemistry of the minerals 
involved. 
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The "incompatible" trace elements are defined as those 
elements which by virtue of their size, charge, non-affinity for 
sulfur or major constituents, can not substitute in normal lattice 
positions. These elements may enter the crystal in interstitial 
and structural defect substitution sites (Buseck & Veblen, 1978), 
and the elemental distributions should be governed thermodynamically 
by Henry's Law for dilute solutions.  However, deviations from 
Henry * s Law occur in the form of enhanced trace element solu- 
bilities.  An enhanced metastable defect equilibrium is responsible 
for increased solubility of trace constituents.  The degree of 
enhancement is dependent on the P-T history of the crystal 
(Navrotsky, 1978). 
The importance of adsorption in the distribution of the 
elements has also been stressed (DeVore, 1955; Goni & Guillemin, 
1964). Adsorption of heavy metals on intergranular films during 
transport and deposition of clays is one example. The apparently 
random behavior of certain trace elements in ore minerals hasx 
been tentatively attributed to their initial control by adsorption 
during syngenetic precipitation (Troshin & Troshina, 1965). 
Modification by diagenetic, metamorphic and deformational 
processes involve primarily diffusion and recrystallization.  This 
will be treated in the following section. 
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PLASTIC DEFORMATION OF SULFIDE MINERALS 
Discussions of the metamorphic effects on sulfide minerals 
(Kalliokoski, 1965; MacDonald, 1967; Vokes, 1969, 1971; Gill* 
1970; Mookherjee, 1976; Both & Rutland, 1976) have stressed 
the mineralogical and textural changes brought about by regional 
deformation.  Primary textures and mineralogical phases may be 
effectively obliterated through recrystallization in the 
development of a metamorphic texture.  Paragenetic sequences of 
mineralization are replaced by relative sequences of recrystalli- 
zation and plasticity (Lawrence, 1973). Mobilization of minerals 
and redistribution of constituents during plastic deformation 
could be significant especially where there is a large difference 
in relative shear strengths. 
Laboratory synthesis of schistose sulfide textures from 
powdered mixes of sulfides and kaolin has shown that recrystalli- 
zation and mobilization are effective processes even at relatively 
low pressures 0.2 GPa (2Kb) and temperatures (50-145°C) (Roberts, 
1965).  At still higher temperatures and pressures, the effects 
would be considerable, bordering in many cases on complete anatexis 
with subsequent magmatic re-injection. High rank regional meta- 
morphism would be capable of generating highly mobile sulfide 
neo-magmas from syngenetic metasedimentary sequences at tempera- 
tures of about 700°C (Lawrence, 1967). This results in the 
replacement of original conformable syngenetic relationships with 
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a secondary Intrusive texture making genetic interpretations 
difficult. 
Experimental deformation studies have revealed the effects 
of temperature and confining pressure on the brittle-ductile 
transition and relative shear strengths of sulfide minerals 
(Kelly & Clark, 1975; Atkinson, 1975; Lyall & Paterson, 1966; 
Clark &  Kelly, 1973; Graf & Skinner, 1970; Salmon, Clark & Kelly, 
1974; Roscoe, 1975).  It has been shown that trends of plasticity 
and relative shear strength depend primarily on temperature and are 
virtually independent of confining pressure. The effect of tem- 
perature, though, was found to be considerable for some minerals. 
Pyrite under all conditions has the highest shear strength 
and galena has the lowest.  Galena will deform plastically under 
relatively low stress. Pyrite generally fails by brittle fracture 
at much higher pressures up to 6000 bars (0.6 GPa (6Kb).  A com- 
parison with the strength of carbonate and silicate host rocks 
shows that the sulfides are the weakest and the first to deform 
plastically at elevated temperatures (see Fig. 9). 
Abrupt changes and reversals of the relative shear strengths 
of sphalerite, pyrrhotite and chalcopyrite are shown in Fig. 9 and 
reconcile the conflicting reports of the relative strengths of 
these minerals in nature (Kelly & Clark, 1975).  The abrupt changes 
in relative strength are attributed to changing domains of crystal- 
line deformational mechanisms. Fig. 9 can be divided into three 
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temperature regimes that would give three different relative shear 
strength sequences and could serve as a crude textural geothermo- 
meter. 
Experiments of this kind, by necessity, are carried out at 
relatively high strain rates which are amenable to laboratory 
observation and in many cases are geologically unreasonable. How- 
ever, it is not unreasonable to assume that the relationships 
found in this limited strain rate range (Roscoe, 1975) would also 
be applicable to lower strain rates involved in geological 
processes. 
Thus far, experimental studies have examined the effects 
of temperature, pressure and strain rate on the strength of natural 
and synthetic sulfides. Little work has been done on the effect 
of composition.  Preliminary work by Clark & Kelly (1973) has 
suggested that at any temperature, the strength of sphalerite is 
reduced by increasing iron content. The effect may be as much as 
30% at 300°C for a 1-12 wt.% increase in iron content. The 
nature of this compositional effect is probably related to the 
deformational mechanisms within the crystal and their interactions 
with defects induced by the elemental substitution. 
Studies of natural systems have shown that differential 
mobilization of sulfides and redistribution of constituents may 
result from plastic deformation during metamorphism. Metanorphic 
schistose sulfide textures and banded sulfide ores may be 
attributed to the mobilization of sulfide minerals (Stanton, 1972). 
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Sediments containing finely disseminated sulfides may, under 
relatively low metamorphic conditions, recrystallixe to yield a 
schistose sulfide texture (Roberts, 1965; Lambert & Bubela, 1970). 
Metamorphic differentiation thus results in a redistribution of 
constituents which form newly recrystallized mineral phases. 
At Mt. Isa, Australia, differential mobilization of sulfide 
minerals during mild low temperature deformation resulted in the 
migration of galena toward the nose of folded structures, thinning 
of the limbs and a mineralogical layering parallel to the sedi- 
mentary layering due to a mechanical segregation by flow (Hewett 6 
Solomon, 1964; McDonald, 1970).  Galena occurs also as fillings in 
tensional fractures in the more brittle sphalerite and gangue 
minerals.  McDonald (1970) reports a 40% increase in galena content 
at fold hinges. 
Similarly, Hoffman (1970)  reports an increase in thickness 
and iron content at the axes of major folds in a deformed iron 
formation. Juve (1967) demonstrated, for some deformed Norwegian 
ores, a concentration of galena relative to sphalerite in the 
crests of folded layers. 
The Vihanti Zinc ore deposit exhibits striking similarities 
to the Balmat-Edwards zinc deposits. Two generations of sphalerite 
are reported (Rouhunkoski, 1968) namely, 1) a primary mineralization 
and, 2) a secondary remobilization. Deformation and remobilization 
have been significant, at least locally, in changing the sphalerite 
composition.  Deformed sphalerite from some shear zones reportedly 
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has a lower Fe content where as remobilized sphalerite from cross 
joints in the country rocks has a higher Fe content relative to 
the average (Rouhunkoski, 1968). 
It has also been suggested that mobilization may cause 
minor and trace elements to migrate relative to major elements 
during plastic deformation. The resulting redistribution of 
minor and trace elements may be related to structure. Variations 
in metal ratios have indicated that Ag and Cd may concentrate 
relative to Pb and Zn, respectively in zones of stress relief 
induced by structural deformation (McDonald, 1967) at Mt. Isa. 
Briggs et al. (1977) reports that iron enrichment of sphaler- 
ite correlates with increasing metamorphic grade.  In extreme cases 
of high-grade metamorphism, the formation of a sulfide neomagma 
may, through differential melting of ore minerals, yield a melt 
enriched or depleted in some minor and trace elements. 
Similarly, the production of a highly mobile phase during 
plastic deformation may, through differential response to deforma- 
tion, yield a phase depleted in substituted elements. The role 
and extent of metamorphic fluids during plastic deformation is 
not known. Fluids would aid in diffusional transport and redis- 
tribution of elemental constituents. 
Considerable insight into the physical and chemical response 
of crystalline materials under stress can be gained from studies 
of grain boundaries and defects in metals. The physical proper- 
ties of all polycrystalline solids depend upon the nature and 
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composition of the material at the grain boundaries.  A cosnon 
process used in metallurgy to modify the physical properties of 
materials is annealing.  Annealing is the process by which 
residual stresses within the crystal can be reduced or eliminated 
(Stanton, 1972).  This involves crystalline adjustments accom- 
plished primarily through recrystallization.  The recrystallization 
of metals involves both self-diffusion and grain-boundary migra- 
tion.  Self-diffusion often results in the segregation of 
unwanted solute impurity elements in the grain boundaries thereby 
adversely affecting the resultant physical properties of the 
material. 
Studies of grain-boundary migration (Rutter & Aust, 1960; 
Aust & Rutter, 1959) have shown this effect for impurities in 
annealed metals.  Considerable redistribution of solute 
impurities is seen in annealing as well as in castings and 
directionally solidified metals (Kriege & Marks, 1976? Tiller 
et al., 1953). 
Solute atoms have a greater affinity for structural defects 
and therefore, migrate to the grain boundaries where they are 
concentrated (Cottrell, 1953; Lucke & Dutert, 1957).  During re- 
crystallization and the resulting grain boundary migration, this 
concentration of solute atoms results in a diffusional drag 
effect.  The mobility of the grain boundaries and the resulting 
grain development depends on the diffusion rate of the elements 
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carried along in the "solute atmosphere" as the boundary 
moves. 
This solute drag effect is an inherent property of the 
diffusion of the solute elements through a crystal lattice. 
Diffusion is controlled primarily by ionic size and charge. 
Selected elements may retard grain-boundary migration and segre- 
gation thereby giving a greater strength to the grain contacts. 
Large solute atoms or inclusions may effectively pin the moving 
boundary and inhibit grain growth.  One striking example is a 
grain-size reduction from lOOum to 5um for annealed titanium 
with from .03-.3 at. wt.% europium added as a grain refiner 
(Rath, Lederich & O'Neal, 1975). 
This has been termed impurity-controlled grain boundary 
migration, a well known and useful process in metals which is 
dependent on solute drag (Grey & Higgins, 1973; Lucke & Dutert, 
1957). By delicate alteration of trace-element content, the 
development and chemistry of grain boundaries can be manipulated, 
so that grain refinement, brittleness, ductility, and strength 
can be controlled. 
Plastic deformation of polycrystalline solids in response 
to developing stress fields is accomplished through diffusional 
creep, grain boundary sliding, intragranular slip, and inter- 
action of crystalline defects.  Induced stress results in an 
increase in, and mobilization of point and line defects (Cottrell, 
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1953) forming a dislocation network.  The elemental substitutions 
In vacancy, Interstitial and structural defect sites will migrate 
with the mobilized dislocation network so as to move trace 
elements from the interior of the grain to the grain boundary 
thereby facilitating diffusion. 
Self-diffusion (diffusion to the grain boundary) and grain 
boundary migration are known to be enhanced by strain (Buffington £ 
Cohen, 1952; Cottrell, 1953; Lee & Maddin, 1959). The increase is 
attributable to the increase in dislocation density and mobility 
during plastic deformation. 
A recent study by Shashkov (1975) on the effect of plastic 
deformation on brittleness due to self-diffusion leading to grain- 
boundary segregation in chromium has shown an opposite effect.  It 
was found that deformation increased in density of dislocations 
within the crystal thus allowing a greater solubility for the 
solute atoms.  This results in a decrease in grain-boundary 
segregation and a more homogeneous distribution of impurities. 
This concept may be useful in a purification process similar 
to zone melting.  In zone melting, a molten zone makes successive 
passes through the length of a high purity metal rod. The rod 
can be purified because the solubility of the solute Impurities 
is greater in the molten zone than in the crystallizing front 
trailing the moving melt (Pfann, 1958). The nature of the zone 
phase can vary from a melt in zone melting to a solid in solid 
47 
phase zoning.  Regardless of the type of phase involved, it must 
have a greater solubility and diffusivity for the unwanted solute 
impurities, thereby transporting impurities to the end of the 
refining rod. A zone of deformation with its greater solubility 
for impurity atoms (Shashkov, 1975) could serve as a zone phase. 
In geological materials, stress-induced diffusion will 
develop in response to structurally-produced pressure gradients 
during deformation (Gresens, 1966; Stephansson, 1974). The 
diffusional flow involved is from regions of high stress to regions 
of low stress. This effects a thinning of the limbs and a thicken- 
ing of the noses of the developing folds. Migration of material 
from the limbs to the nose would involve plastic deformation, 
recrystallization, and grain-boundary migration.  Stresses 
resulting from the developing pressure differential increase the 
number and mobility of crystalline defects thereby enhancing 
diffusion.  Different plasticities of the deforming minerals and 
different diffusion rates for minor and trace elements would 
result in a separation of mineral phases as well as compositions 
within those phases. 
The deformational stresses at Balmat-Edwards were sufficient 
to cause considerable recrystallization and mobilization of 
sulfides. The localization of ore in deformational structures 
is readily apparent.  Several ore structures at Balmat exhibit 
textures suggestive of differential migration of sulfides. 
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In particular, the Horsetail ore within the Fowler structure 
shows the most pronounced effects. The formation of extensive frac- 
tures during axial-plane shearing appears to be responsible for ore 
localization. The highly plastic sulfide minerals were apparently 
injected into the fractures (Fig. 10 and 11).  The Horsetail ores 
display features (i.e., local concentrations of galena at tips of 
opening fractures) which suggest a preferential migration of galena 
relative to sphalerite during emplacement by plastic deformation. 
Chemical differentiation and redistribution of minor and trace con- 
stituents in sphalerite is suggested by a color change from dark 
brown to yellow brown in the presumed direction of migration.  This, 
however, is only a local feature and not generally apparent in most 
of the Horsetail ore, but suggests an emplacement mechanism capable 
of influencing the chemistry of sphalerite. 
Three different processes appear to have been operative dur- 
ing emplacement of the ore into fractures: 
A. Mechanical segregation of brittle pyrite 
by flow, 
B. Segregation of highly plastic galena, 
C. Strain-induced diffusion of impurities out 
of sphalerite. 
Mechanical segregation was accomplished by the net drag 
effect of the non-plastic pyrite grains on the flow of the more 
ductile sphalerite.  The deforming sulfide mass developed flow 
regimes separated by screens of brittle pyrites. A mechanical 
mixture of plastic sphalerite and brittle pyrite, therefore, 
if extruded under pressure into an opening fracture, would 
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segregate mechanically through differential response to plastic 
flow and leave a large proportion of the pyrite behind. 
Segregation of highly plastic galena occurs in response to 
any differential stress resulting in extensional fractures. Extend- 
ing fractures would localize the highly mobile galena as well as 
the less mobile sphalerite. The difference in plasticity between 
galena and sphalerite would result in a preferential concentration 
of galena in the advancing tips of the fractures. 
Color differences in sphalerite along the Horsetail ore 
structure suggest an additional purification effect.  The advancing 
tips of these structures in isolated localities are composed of a 
yellow-brown sphalerite presumably with a lower content of impurities 
where as the more distant portions of the structure contain a dark- 
brown sphalerite which presumably has a higher impurity level. 
This could be interpreted as a geological example of solid 
phase zoning where the ore passes from a zone of deformation into 
the developing extensional fractures.  The impurities in sphalerite 
would be more soluble in the strained and deformed phases due to 
a higher dislocation density.  The sphalerite recrystallizing in 
the extensional structures would be somewhat strain-free and have 
a lower solubility of trace elements than the sphalerite left 
behind in the compressive axial zone. 
Progressive deformation results in the eventual milling and 
grain-size reduction of the sphalerite. A grain of sphalerite 
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with most of its impurities concentrated at the grain boundaries, 
should, when milled, yield two populations of sphalerite with 
contrasting physical properties.  The relatively pure sphalerite 
from the bulk of the grains will also be relatively plastic, where- 
as the former grain-boundary material will be more brittle. 
Further deformation would result in the mechanical segre- 
gation by flow of the brittle former grain-boundary impurity-enrich- 
ed sphalerite from the purer, more plastic sphalerite derived from 
the bulk of the original grains. This differential migration 
during plastic deformation is due to the anchoring effect of the 
impurities on grain boundaries thus reducing the ease with which 
they deform and recrystallize. 
Re-equilibration of sulfides to different P-T conditions after 
metamorphism is a potentially serious problem.  Changes in the P-T 
conditions change the distribution coefficients thus resulting 
in disequilibrium.  The sulfides may be out of equilibrium due to 
this changing P-T effect (Rouhunkoski, 1968; Bethke & Barton, 1971) 
or due to a new set of "co-existing" phases introduced during 
plastic deformation. 
Sphalerite plastically emplaced into a galena-enriched 
structural site will have a strong tendency to re-equilibrate and 
incorporate more Pb into the lattice in proportion to the increased 
galena as a co-existing phase.  Similarly, in the residual pyritic 
segregations, the co-existing sphalerite may incorporate more Fe 
into the lattice upon re-equilibration. 
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Re-equilibration through diffusional processes is relatively 
slow. Diffusion may be so attenuated in a cooling post-metanorphic 
environment that re-equilibration can only be effective for the 
grain boundaries (Bethke & Barton, 1971) and over distances of 
only a few centimeters (Rouhunkoski, 1968). Deformation and 
recrystallization would enhance diffusional re-equilibration by 
grain-boundary migration and mobilization of the dislocation net- 
work thus providing the necessary kinetic energy to approach 
equilibrium. 
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SAMPLING PROCEDURE: 
A systematic sampling of the ore bodies of the Balmat- 
Edwards District was carried out during the summer of 1977 
under the auspices of the St. Joe Zinc Company. The 
zinc deposits were divided into twenty-four discrete ore bodies 
each of which was sampled systematically through the acquisition 
of both underground and surface drill-core. This sampling program 
was designed to reduce the number of analytical determinations 
necessary to characterize these deposits by preparing for each 
ore body a representative composite bulk sample. The selection 
of samples for each composite and their spatial distribution was 
based on plan maps with horizontal drill holes, sections with 
vertical drill holes, and, where underground information was 
scarce, all of the available exploratory drill holes. A list of 
drill holes and ore intersections was compiled for each ore body. 
The number of drill holes and selected ore intersections was a 
function of the size of each ore body. Larger ore bodies clearly 
required a greater number of sampling points to obtain a repre- 
sentative composite sample. 
The drill core for the composite samples was randomly sampled 
from sections of diamond-drill core store in a core library.  This 
sampling was in actuality a second random sampling in that the 
core material saved for storage in the core library represents 
approximately one-third of the total core (one out of every three 
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pieces of broken core approximately 2.5 cm (1 inch) in length was 
selected for storage). 
Drill-core intersections of the ore in each ore body were 
sampled by selecting one piece of broken drill core (approx. 1 inch 
in length) from a designated sampling interval successively 
throughout each of the ore intersections.  The sampling interval 
was varied from 1 out of every 2 pieces of drill core, to 1 out of 
10 pieces of drill core to attain an appropriate composite sample 
with a size proportional to the size of the ore body. 
The resulting composite samples ranged in weight from 3.6 to 
91 kg (8-200 lbs.). The total weight of all the composite samples 
was at least 590 kg (1300 lbs.), and included material from more 
than 1100 drill holes. The drill holes contained 1800 ore inter- 
sections and represented more than 6700 meters (22,000 ft.) of 
sampled drill core.  A summary of the number of drill holes, ore 
intersections and resulting sample weights for each of the twenty- 
four composite samples is given in Tables 1 and 2. 
Each composite drill-core sample was washed, crushed to less 
than 3 mm (1/8 inch) in size and stored in air tight plastic con- 
tainers. A 2 kg (5 lbs.) split from each composite sample was 
then removed for preparation of sphalerite concentrates and 
laboratory analyses. 
Approximately 100-200 grams of sphalerite concentrate (-200 
mesh) was obtained by froth flotation from each of the composite 
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samples. Flotation conditions were designed to maximize the grade 
of the concentrate at the expense of recovery.  The sphalerite 
concentrates were dried at approximately 150°C and stored in small 
plastic bags. 
Hand specimens were also collected underground to determine 
the nature and magnitude of chemical gradients which might be 
related to any mobilization and re-emplacement of sphalerite along 
the Horsetail ore structure.  The color .change in the sphalerite 
from yellow to dark brown in the direction of transport, may be 
important in interpreting the geochemical and structural-strati- 
graphic relationships between the ore bodies. 
In summary, the following samples were selected for the final 
analysis: 
A. Sphalerite concentrates from 18 composite 
samples of Balmat-Edwards ore bodies* 
B. Hand specimens of yellow and dark brown 
sphalerite in the Horsetail ore structure. 
*The six samples representing the Fouler subdivision ore bodies 
uere not included in this trace element analysis. 
60 
ANALYTICAL METHODS 
Instrumentation 
Major-element, minor-element, and selected trace-element 
analyses of the composite sphalerite concentrate samples were 
obtained by X-ray fluorescence, atomic-absorption and wet-chemical 
methods.  These analyses were made by the staff of the analytical 
laboratory of the St. Joe  Zinc Company.       The data provided 
for this study include analyses for Zn, Fe, Pb, Cd, Mn, Cu, Ag, 
Hg, Ca, Mg, and Si. 
In this study, trace-element analyses of the sphalerite con- 
centrates were obtained by mass-spectroscopy in the Department of 
Geological Sciences at Lehigh University.  The mass spectra were 
generated on a Consolidated Electrodynamics Corporation CEC 21-110A 
spark-source mass spectrometer which has a 24 KV DC accelerating 
capacity and appropriate source modifications. Sample electrodes 
(pressed powder mixture of metallic silver and sphalerite) were 
sparked with 3.0 KV radiofrequency AC pulse. The positive ions 
produced were accelerated by 20 KV DC through a double-focusing 
Matchoc-Herzog mass spectrometer with a 3.0 ampere magnet setting. 
Vacuum conditions were maintained to approximately 2 x 10  torr 
with liquid-nitrogen cooled ion-diffusion pumps. 
Ion intensities were recorded on Ilford Q-2 photographic 
plates which have a thin ion-sensitive silver bromide gelatin 
emulsion. Developed plates were scanned on a Jarrel-Ash micro- 
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densitpmeter and recorded on a Bristol 12-inch strip-chart recorder. 
The strip-chart recordings were analyzed by utilizing peak heights 
times half-height widths in a Churchill Two-line photoplate cali- 
bration technique (Schuy & Franzen, 1967). 
In the final data reduction Pb values (obtained by St. Joe 
Minerals Corporation by atomic absorption analysis) were used as 
an internal standard.  In addition, calculated theoretical rela- 
tive sensitivity coefficients were used.  The trace element deter- 
minations by mass spectroscopy include Co, Ge, In, Sn, Sb, Ba, and 
Sr. A graded exposure technique allowed multiple concentration 
determinations with an average standard deviation of 33% for all 
elements. The means and calculated standard deviations for multiple 
determinations for all elements in all of the samples are included 
in Appendix A. 
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Development of Analytical Procedure with the Spark-Source 
Mass Spectrometer 
Analytical techniques using a spark-source mass spectrometer 
have been developed for detection of low-level trace impurities in 
solids principally those of interest in materials science, metal- 
lurgy, and solid state physics (Brown, 1968; Swift, 1968; Duke, 
^        1962; Willardson, 1962).  The technique has been adapted to include 
non-conducting powders through the use of pressed ocnducting-matrix 
electrodes (Morrison & Roth, 1972). Extensive analyses of USGS 
rock powder have been carried out by spark-source mass spectroscopy 
in an effort to evaluate the applicability of this analytical 
method to geologic materials (Taylor, 1965). 
Analyses of sulfides by spark-source mass spectroscopy are 
restricted to a few semiconductor materials.  Studies of natural 
sulfide ore minerals by this technique apparently have not yet 
been made. Consequently, several aspects of the spark-source 
technique used in this study required assessment and development 
before proceeding with the acquisition of analytical data.  These 
included the following: 
a) Selection of electrode materials 
b) Preparation of pressed electrodes 
c) Operating conditions for spectrometer 
d) Interpretation of mass spectra 
e) Standardization 
f) Techniques of plate exposure 
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g) Detection of ions 
h) Calibration of photoplates 
i) Determination of relative sensitivity 
coefficients. 
Electrode Materials 
Materials useful as spark-source electrodes oust meet the 
following requirements: 
a) Must be an electrical conductor 
b) Must be capable of being pressed into 
electrodes that can be clamped within 
the spark-source chamber 
c) Must be able to withstand the high 
sparking temperatures without melting 
d) Must have a low level of spectral interference 
with the sample under study 
e) Must be obtainable as a powder of suitable 
high-purity. 
Several materials and methods of delivering the sample to 
the spark were evaluated.  Initially, hollow-tipped spec-grade 
carbon rods were used. The rod tips were packed with a powdered 
mixture of the sample and additional carbon. The preparation of 
the electrodes was difficult, required extensive sample handling, 
and resulted in inefficient ion production in the spark.  It was 
found that powdered carbon-sample mixes were difficult to press 
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and required excess carbon over sample in the mix. Carbon mass 
lines distributed over the entire plate at multiples of 12 mass 
units resulted in considerable spectral line interference. 
Single-crystal fragments were successfully sparked by 
mounting them on the tips of indium rods. For powdered samples, 
5-9's -200 mesh indium powder (Spex Industries) was used as an 
electrode matrix.  Mixtures composed of equal amounts of matrix 
and sample yielded coherent well-formed electrodes.  Two odd 
isotopes, In   and In   offered a low potential for spectral in- 
terference because multiply charged species will have fractional 
m/e units.  However, the low melting point (157°C) resulted in 
fusion of the electrode tips and differential segregation of the 
indium by melting during the spark. 
Silver as an electrode matrix proved to be successful. 
Silver has a pair of odd isotopes, Ag   , and Ag   , a higher 
melting temperature (962°C), and yielded easily pressed well- 
formed electrodes.  Initially, a 5-9's -200 mesh Ag powder (Spex 
Industries) was used satisfactorily.  A subsequent change was made 
to a 6-9's -100 mesh Ag powder (Alfa Corporation) for a cleaner 
background spectra.  However, the electrode forming and sparking 
characteristics of this powder were much poorer, producing axially 
split electrodes that would fuse during the spark. A 6-9's -325 
mesh Ag powder (Alfa Corporation) gave similar poor results. 
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Examination of these Ag powders with a scanning electron 
microscope showed the 5-9's -200 mesh Ag to be a crystalline 
precipitate with a bimodal grain size distribution. The 6-9's 
-100 mesh Ag resembled filings from a zone refined rod.  The 
6-9's -325 mesh Ag appeared to be amorphous particles of narrow 
grain-size range.  Grain size distribution appears to be a key 
factor in determining the formability of the resulting electrodes. 
Ultra-high purity may play a role with respect to the ease of 
fusion of the electrode tips as indicated by the 6-9's Ag 
relative to the 5-9's Ag. 
The final electrode matrix selected for this analytical 
work was the 5-9's -200 mesh Ag (Spex) powder.  It gave satis- 
factory results with minimal fusion of the electrode tips. 
Electrode Preparation 
A press for preparation of electrodes was designed and 
constructed.  It is basically a piston-cylinder device with two 
moveable pistons (rams) in a hydraulic-press frame.  Electrode 
material is packed in electrode-shaped holes in plastic plugs. 
An applied load results in quasi-hydrostatic pressure on the 
plastic plugs and compression of the electrode material packed in 
the holes.  The pistons (rams) and supporting cylinder must be 
machined to a close tolerance and avoid rust and corrosion.  In 
the construction of a proto-type model, a 303-type stainless steel 
was used which proved to be too soft and resulted in mushrooming 
of the piston (ram) face. The next set of pistons (rams) were 
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constructed of hardened tool steel.  However, extrusion of the 
plastic plugs due to poor fit interfered with the removal of the 
formed electrodes.  The final revised design reduced the number 
of parts to an upper and lower hardened tool steel piston with a 
303-type stainless-steel cylinder. The final design is shown in 
Fig. 12. 
The plastic plugs were machined from 1.27 cm (1/2 inch) 
diameter extruded polyethylene or nylon rod. The plugs were 
turned and faced off on a lath to a height of 1.4 cm (1/16 inch) 
and a diameter of 1.1 cm (7/16 inch).  Electrode holes were drilled 
with a special tapered drill bit (0.24 cm (3/32 inch) diameter) to 
produce a pointed hole.  The plugs were drilled at liquid-nitrogen 
temperature to improve the shape and surface texture of the 
electrode hole.  The holes were finally collared to 1 mm (1/32 inch) 
with a slightly oversized drill bit (0.28 cm (7/64 inch) diameter) 
to facilitate removal of the formed electrodes. 
The drilled plastic plugs were washed in acetone and distilled 
water in an untrasonic cleaner. A final rinse was made with 3 times 
distilled water. 
The electrode preparation may be summarized as follows: 
1) 50/50 wt.% mix of 5-9's -200 mesh Ag 
powder and sphalerite sample (approx. 
-300 mesh) weighed out on glassine 
weighing paper. 
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2) Mix transferred to Spex Industries mixing 
vials (polystyrene vials with polyethylene 
caps and roethacrylate mixing balls) and 
homogenized for 10 minutes in a Spex Mill. 
3) Mix transferred to covered and acid-cleaned 
(HNO ) 10 ml beaker and dried in an oven 
overnight at approximately 130°C. 
4) Drilled electrode holes filled with mix 
and packed tight with a polyethylene rod. 
5) Plastic plugs placed in press and subjected 
2 
to 1700-2000 kg/cm  (12-14 tons/sq. in.) 
for 5 minutes; pressure released as slowly 
as possible. 
6) Plastic plugs extracted and formed electrodes 
tapped free. 
7) Electrodes placed in previously used mixing 
vials (step 2) and stored in a dessicator for 
further use. 
Operating Conditions for the Mass Spectrometer 
The spark-source mass spectrometer was run at suggested 
manufacturer's settings for pulse power and spark pulse width. 
Initial exposures were made using a 16 KV DC accelerating 
potential and a 2.5-ampere magnet setting with satisfactory 
results.  Increasing the accelerating potential resulted in an 
increased ionic flux and a correspondingly shorter exposure while 
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line in a spectrum of several hundred lines was virtually 
impossible. The detection of interferences was possible by 
comparing the relative intensities of isotopes of known abundance 
ratios for multiple-isotope elements. The presence of multiply- 
charged isotopes at the lower end of the spectrum was of limited 
use owing to the low concentrations of the elements of interest 
and the increased complexities of the lower part of the spectrum. 
Table 3 contains a summary of the identity and position of the 
major interfering mass lines. 
Initial comparisons of the mass spectra of the sphalerite 
concentrates from the Main & Streeter and the Upper Gleason ore 
body samples (considered to be geochemical end members) revealed 
the presence of a large number of trace elements with varying 
degrees of interference including virtually every trace element 
detected to date in Balmat sphalerite.  Additional elements of 
particular note, previously undetected in Balmat sphalerite include 
trace amounts of the rare earth elements (REE).  However, 
considerations of spectral interference and lengthy exposure 
times resulted in a restriction of the number of analytical trace 
elements to Co, Ge, In, Sn, Sb, Ba, and Sr.  Table 4 contains a 
list of these elements and the isotopic lines used in this study. 
+1 +1 Interference by FeS   (m/e = 86,88) in Sr  (m/e - 86,88) was 
observed to be small by comparison to the Sr  (m/e - 87) peak. 
Contributions from the Ag matrix were easily recognizable by the 
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adversely increasing the background fogging of the photographic 
plate. A compromise was obtained by using a 20 KV DC accelerating 
potential which permitted a much shorter exposure time with an 
acceptable background level. 
An increase in the accelerating potential expands the 
mass spectrum and necessitates an increase in the magnet current 
to 3.0 amperes in order to compress the spectrum to an appropriate 
width for the size of the photoplates used. 
Interpretation of Mass Spectra 
Singly- and multiply-charged major and minor constituents 
and charged compounds distributed with respect to their mass to 
charge (m/e) ratio were the primary sources of interfering 
spectral lines (Farrar, 1972).  Major and minor constituents (Ag, 
Zn, Fe, S) produced extensive background fogging that effectively 
obscured any neighboring mass lines. Multiply charged ions also 
obscure mass lines of identical m/e ratio, but to a much lower 
degree because of reduced intensity relative to the principal 
singly charged isotopes. 
Charged compounds of dominant importance in the spectra 
included singly- and doubly-charged species of AgS, ZnS, FeS, and 
S. The presence of sulfur as a dominant sample constituent, its 
reactivity with other major and minor components, and the complexity 
of elemental substitution within the sphalerite structure results 
in an extremely complex mass spectrum.  Identification of every 
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TABLE 4. List of Analytical Mass Lines Used In This Study 
Element Atomic # Isotopic Abundance Sensitivity 
Ba 138 71.7 0.43 
Ba 137 11.2 
Sb 123 42.7 1.03 
Sb 121 57.3 
Sn 118 24.3 0.55 
In 115 95.7 0.36 
Sr 88 82.6 0.47 
Sr 87 7.0 
Sr 86 9.84 
Ge 74 36.5 0.34 
Co 59 100 0.50 
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doublet peak for the 107 and 109 mass units which recurr in 
other charged multiples.  Contributions from trace element 
impurities in the Ag matrix blank were considered to be insigni- 
ficant at these levels of impurity and exposure. 
74 
Standardization 
This analytical technique requires the use of an internal 
standard for photoplate calibration. An element whose concentra- 
tion was provided by the St. Joe zinc Company       was used for 
this purpose.  This proved to be extremely convenient and avoided 
potential sample-handling errors which could be introduced through 
the addition of an external element standard.  Lead analyses 
obtained by the atomic absorption method were considered to be 
the most reliable and lead provided well-resolved isotope mass 
lines of an appropriate concentration level that could be adapted 
to the Churchill photoplate calibration procedure (Schuy & Franzen, 
1967).  It also turned out to be the only element of the group 
analyzed by the St. Joe zinc Company       which was suitable 
for use as an internal standard. 
Exposure Techniques 
Typical exposure techniques for trace element impurity studies 
consist of a series of time-graded exposures which will yield 
acceptable lines for the elements of interest in all concentration 
ranges.  This is done to insure a mass line on the plate in the 
linear region of the Seidel sensitivity curve for the Q-2 photo- 
pldtes. Each photoplate has 14 allowable exposure positions thus 
providing abundant spectral data for plate calibration as well as 
several possible exposures for analytical determinations. 
Exposures are measured with a split-beam monitor in terms of 
the total coulombs of charge reaching the plate. A maximum exposure 
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of 10  coulombs Is required to detect trace concentrations at 
the ppb level.  At a 16 KV DC accelerating potential, this 
exposure takes 5-6 hours. At a 20 KV DC accelerating potential, 
the exposure time is reduced to 3-4 hours. The higher accelerat- 
ing potential increases the ion flux to the plate and decreases 
the exposure time, but, unfortunately, it increases background 
fog and the production of multiply-charged ionic species. 
Despite the decrease in exposure time, 3-4 hours for the 
maximum exposure (not including time for other time-graded 
exposures) was considered long for routine analysis. Therefore, 
detection to the ppb range was not feasible for this project. 
It was found that most of the elements of interest had an 
—8 
acceptable line intensity for a 3 x 10  coulomb exposure of 
approximately 1 hour duration.  Useful exposures for these 
—9       —9       —8 
elements were restricted to 1 x 10  , 3 x 10  , 1 x 10  , and 
—8 3 x 10  coulombs.  Such exposures provided an adequate number 
of peaks for plate calibration and allowed duplicates of these 
exposures per sample plate, thus strengthening the analytical 
determinations.  Due to the limited number of sample electrodes 
and their destruction in the spark, additional short exposures 
for plate calibration were made with sets of previously pressed 
high Pb-ZnS/Ag electrodes. Typical exposure data using this 
technique is given in Table 5. 
A comparative exposure scheme was used for qualitative 
analysis of two samples from the Horsetail ore structure.  Both 
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single crystals mounted on In rods and ZnS/Ag pressed-powder 
electrodes were used.  Both samples were exposed on a single 
photoplate with an identical series of seven time-graded 
exposures. 
Ion Detection by Photo-Emulsion Plates 
The photoplates used for the detection of ions in this study 
were an Ilford type Q-2  thin glass plate, 5 x 38 cm (2 x 15 in.) 
with a silver bromide gelatin emulsion.  The plates are kept in 
cold storage until used to maintain sensitivity.  The plates are 
then transferred via a light-tight plate loading box into a 
revolving rack with a 4-plate capacity in the plate-loading 
(vacuum) chamber of the mass spectrometer.  Individual plates are 
moved into the magnet gap to be exposed and returned to the rack 
for later removal and development. 
Plates were developed in 1000 ml graduated cylinders under a 
Kodak OC filtered safelight.  The initial development procedure 
used full-strength Kodak D-19 developer for 4 minutes followed by 
4 minutes in Kodak fixer.  An 8 minute rinse in tap water was 
followed by a quick rinse in methanol to speed drying and avoid 
spotting.  Considerable inter-lot plate variability created 
difficulty with this dark-room procedure.  The second batch of 
plates received were not amenable to this developing procedure 
and came out totally dark.  A modified developing procedure 
utilizing a reduced-strength developer (3 parts D-19 developer to 
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1 part distilled water) with the same development tines proved 
to be satisfactory. 
Photoplate Calibration 
The response curve for Q-2  photoplates is a Seidel function 
similar to that shown in Fig. 13.  Linearity is restricted to the 
central portion of the curve and usually extends over several 
orders of magnitude. This range can be extended to the lower or 
upper portions of the curve, depending on the need, through 
mathematical linearization transformations (Taylor, 1971; Schuy 6 
Franzen, 1967). I 
A preliminary investigation of peak measurement showed that 
peak areas measured by polar planimetry gave the most linear 
Seidel plot. Although time consuming, it required no mathematical 
linearizations.  Peak heights, on the other hand, were the fastest 
but the least linear form of measurement and required mathematical 
linearizations to extend the linear range of the Seidel curve. 
Peak height times half-height widths was found to be an acceptable 
approximation of the peak area thus saving time and preserving 
the linearity of the curve.  Peak height times half-height width 
in centimeters multiplied by a factor of 10 to give a convenient 
range of appropriate peak-area values was used for this study. 
Due to the shape of the Seidel curve, peak areas cannot be 
used directly in concentration calculations. Peak areas must be 
transformed into relative intensities.  Relative intensities are 
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dependent on the accuracy of the bean monitor. The bean monitor 
readings may not accurately reflect the actual intensities of 
exposure due to an error in meter reading or to changes in the 
sample/matrix ratio represented in the beam. During extensive 
sparking, the electrodes tend to build up an excess of Ag as the 
tip is burned away. The control of the amount of sample in the 
ion beam during long runs can be extremely poor. 
As a result, a plate-calibration method was used that is 
independent of exposure measurements of the beam monitor. The 
Churchill Two-line method (Schuy & Franzen, 1967) follows the 
relative peak heights of a pair of isotopes of an appropriate 
abundance ratio for a range of time-graded exposures. 
Pb2oa and ?*> n(.  with an isotopic abundance ratio of 2.174, 
were used as the calibrant pair close to the suggested ratio 
values. The first Churchill curve is shown in Fig. 14 for a 
total of 130 measured Pb isotope pairs.  Two linear regressions 
were run on the plotted points.  Curve "a" is based on all the 
available points; and curve "b" is based on a restricted range 
of points to keep measurements within the central linear portion 
of the Seidel response curve. 
These regression lines were transformed, through a graphical 
manipulation (Schuy & Franzen, 1967), to working curves of peak 
areas vs. relative intensity which was shown in Fig. 15. Curve 
"b" was used for the major portion of the data reduction in this 
study.  Curve "a" was relied upon for those peak areas above the 
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restricted range of curve "b". Peak areas below the restricted 
range of curve Mb" were rejected. Calculations using both working 
curves gave similar results thus suggesting that correlation of 
data from both curves is valid. 
Relative Sensitivity Coefficients 
Elemental concentrations were calculated by means of the 
relative intensity values of Pb which was used as the standard 
and the isotope of the element sought. Relative sensitivities of 
various elements for this analytical technique depend on the 
efficiency of transporting the element from the solid sample to 
the accelerating ion beam. The more efficiently an element is 
transported to the beam, the higher will be its sensitivity. The 
sensitivity values will not affect the precision, but will deter- 
mine the absolute accuracy of the concentrations.  Since this is 
a comparative study, absolute concentrations are not of the utmost 
importance.  However, they must be dealt with to arrive at a 
realistic picture of the elemental substitution in these natural 
sphalerite samples. 
Determination of relative sensitivity coefficients may be 
dealt with in the following ways: 
1) assume that all elements have equal sensitivity 
2) adopt values of relative sensitivity as reported 
by others 
3) experimentally determine relative sensitivities 
through analyses of standard samples of known 
concentrations 
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4) theoretically calculate relative sensitivities 
from known physical properties. 
Assuming equal relative elemental sensitivities results in 
unrealistic elemental distribution relations. Adopting values 
reported by others involves the effects of radically different 
matrices. Experimental determination is extremely time consuming 
and suffers from lack of suitable standards for sulfides.  As a 
result, the theoretical calculation approach has been used for 
this study. 
The relative sensitivities of the elements are primarily 
influenced by atomic mass, boiling point, and ionization potential 
(Kawano, 1964; Short & Keene, 1966; Taylor & Gorton, 1977; Farrar, 
1972).  The line-broadening effect for elements of lower m/e 
ratio can be compensated for by using the square root of the 
atomic mass.  Elements of low boiling point will be volatilized 
and boiled off without making a contribution to the accelerating 
ion beam.  This can be compensated for by using the square root 
of the boiling point. Elements of high ionization potential will 
not make as significant a contribution to the positively charged 
ion beam.  This is effectively compensated for by using the square 
of the first ionization potential. A fourth term has been added 
to account for enhanced diffusion away from the hot electrode 
tips (Addink, 1964).  The relative sensitivity coefficient calcu- 
lations are summarized in Table 6. 
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The resulting equation for calculation of the concentration 
of elements of interest in this study is as follows: 
concentration        _ , ..  _ .   .. concentration Relative Intensity..^     „ 
of - JPb     X      of 
element in sample     Relative Intensity Pb in sample 
Isotopic Abund. _ Pb       „     Sr 
Isotopic Abund. , 
element 
where, 
h 2 h Sr =  mass element    x Ion. Potent, element   x   B.P. stand. 
mass Pb standard   Ion. Potent Pb standard    B.P. element 
Diff element 
X A  
Diff. Pb standard A 
Diff = diffusion term after Addink (1964). 
(see summary Table 6) 
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ANALYTICAL RESULTS 
Chemical data on the sphalerite concentrates which were 
prepared from twenty-four composite drill-core samples of the 
ore bodies at Balmat-Edwards are given in Tables 7 and 8. These 
analyses were provided by the St. Joe Zinc Company. 
Trace-element data on 18 of these sphalerite concentrates obtained 
by spark-source mass spectroscopy in this study are given in 
Table 9.  Multiple determinations in this study permitted a 
statistical evaluation of the precision of these analytical results. 
The average standard deviation for multiple determinations by this 
method was 33% of the reported mean values for the elements 
involved. 
Accuracy in the spark-source technique is dependent on the 
relative sensitivity coefficients for the different elements. 
The relative sensitivities in this study have been theoretically 
calculated from physical properties of the elements.  Although the 
sensitivities have not been supported or verified by experimental 
runs on standard samples, they offer a realistic, if"not exactly 
accurate picture of the relative elemental concentrations. 
The accuracy of the Pb determinations, the standard reference 
element, will also affect the accuracy of the analytical results 
for the other trace elements.  The St. Joe Zinc Company 
has provided paired determinations for some elements by both X-ray 
fluorescence and atomic absorption methods.  Considerable varia- 
tion of the Pb../Pb    ratio is evident in the twenty-four 
AA   Xxvt 
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analyses provided.  It was assumed that, for the concentration 
range of Pb, the atomic absorption method was more accurate, 
and as a result, the atomic-absorption values for Pb were 
used as the internal standard in mass spectroscopy. Where 
possible, the atomic-absorption assays for the other elements 
were used in the final consideration for this study. 
The monomineralic character of the sphalerite concentrates 
is considered excellent. Examination of a grain mount concentrate 
sample under reflected light revealed a virtual absence of inclu- 
sions of either pyrite or galena.  Spark-source exposures of 
single microscopically clear inclusion-free cleavage fragments of 
sphalerite revealed similar elemental assemblages. These elements 
are interpreted, therefore, as either substituents within the 
sphalerite crystal lattice, or as submicroscopic inclusions. The 
Hg in the Hg-rich sphalerite concentrates is also considered to be 
a lattice substituent (this study; Watling, 1974 for other 
sphalerite). 
The results of a qualitative spark-source mass spectral 
analysis of the yellow and brown sphalerite from the Horsetail 
structure are included in Table 10. A comparison was made between 
the relative intensities (approximated by peak height times the 
half-height width) of several elements on a series of identical 
exposures of the two samples. Most elements showed no difference 
in apparent concentration between the two samples.  Pb was the 
only element that showed any dramatic difference in concentration. 
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TABLE 10.  Trace Element Ratios* of Sphalerite** From the 
Base and Tip of Horsetail Ore Structure. 
Trace Element Ratio 
Sr 
Ga 
Ba 
Pb 
NOTE:  *Ratio of peak height times half-height width of 
trace elements in Horsetail Tip/Horsetail Base. 
A ratio greater than 1.0 implies enrichment, 
less than 1.0 implies depletion. 
All other elements show ratios of 1.0. 
**Optically clear single-crystal fragments. 
0. .43 
2. .0 
2. .0 
10. .0 
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MULTIVARIATE STATISTICAL RESULTS 
The geochemical data for the sphalerite concentrates were 
subjected to multivariate R-roode factor analysis and 0,-mode 
cluster analysis based on the determined factor scores (Parks, 
1970; 1979). These multivariate analytical techniques are 
designed to aid in the recognition of significant element varia- 
tions and geochemical trends within a large sample-data matrix. 
Plots of these significant variables with respect to structure 
and stratigraphy should help to resolve any original sedimentary 
geochemical record from subsequent modifications due to deforma- 
tion and metamorphism. 
Factor analysis considers the total variation in the sample- 
data matrix. From this, it should be possible to determine 
whether one variable or some combination of variables (factors) 
might be responsible for a dominant portion of the total varia- 
tion.  Each sample is ranked according to its relationship to the 
established significant factors. These factor scores are used 
in the cluster analysis to give a graphical representation of 
whether the samples fall into discrete chemical groups. 
These statistical techniques have been applied successfully 
to geochemical and sedimentological problems (Dawson & Sinclair, 
1974; Wennervirta & Rouhunkoski, 1970). Of particular note is a 
study of the minor elements in pyrite from the Endako molybdenum 
mine in British Columbia which can serve as an illustrative 
95 
example (Dawson & Sinclair, 1974).  Factor analysis for 67 
samples and 11 variables resulted in the recognition of three 
factors that are responsible for 94% of the variation in the 
sample-data matrix (based on a three-factor model).  Factors 
1 and 2 correlate spatially with two different (with respect 
to time, space,mineralogy and chemistry) stages of mineralization. 
These include a high-temperature Mo mineralization and a low- 
temperature pyrite mineralization.  Factor 3 is related to back- 
ground variation from host rock gangue minerals. Spatial mapping 
of significant variables, factors, or factor scores may delineate 
which samples are most influenced by the different stages of 
mineralization.  Determination of distinctive chemical criteria 
and their spatial distribution should aid in exploration and 
development of the most economical stage of mineralization. 
In the present study, the factor and cluster analyses 
resulted in the following: 
a) correlation coefficient matrix, which 
summarizes the inter-element variance 
b) factors (F , F , F_ ...), each responsible 
for a percentage of the variance in the 
sample-data matrix 
c) element factor loadings which gives the 
contribution of each element to each 
determined factor on a correlation 
coefficient scale 
96 
r& 
d) plots of F. vs. F, etc. to give the 
inter-factor relations 
e) sample-factor scores which give the 
inter-sample variation with respect to 
each factor in an arbitrary 0.0-1.0 
correlation coefficient scale 
f) cluster diagram which is a graphical 
representation of similarities between 
samples based on determined sample- 
factor scores 
g) distance-function value which is used 
as a measure of the difference between 
compared samples. 
Several sets of data were analyzed by multivariate methods 
and they are as follows: 
1) 18 sphalerite concentrate representing 
discrete ore bodies for which there are 
18 major-, minor-, and trace-element analyses 
2) 6 sphalerite concentrate from the Fowler 
Structure for which there are 11 element 
analyses (factor analysis only). 
Tables and figures pertinent to this discussion are included in 
Tables 11 through 18 and Figure 16. 
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DISCUSSION 
Geochemical Trends 
The multivariate factor and cluster techniques are designed 
to assist in the interpretation of a large sample-data matrix. 
The multivariate techniques themselves also require interpretation. 
In this study, the multivariate results have been relatively clear 
and provide a coherent interpretation of the geochemical varia- 
tions in the sphalerite concentrates. 
The correlation coefficient diagram (Table 11) is a conven- 
ient representation of the inter-element variation within the 
observed geochemical data. The table is in matrix form which uses 
a correlation coefficient scale (0.0-1.0) in which 0.6-1.0 implies 
a significant correlation between two elements. This procedure 
will thus select and quantify any geochemical relationships includ- 
ing those that are not obvious by inspection. 
The correlation coefficient diagram for the sphalerite con- 
centrates from the Balmat-Edwards Ore Bodies (18 samples, 18 
elements) (Table 11) shows a strong positive correlation between 
Zn and Kg and a strong negative correlation between Zn and Fe. 
There is a relatively high correlation between some trace elements 
particularly for groups such as; (1) Co, Ge, Sr, and Ag, and 
(2) Pb-Ag and Ba-Ag.  Mg and Si also exhibit a positive correla- 
tion.  These relationships are summarized in Table 12. The strong 
correlation between Co, Ge, and Sr (both large and small ions of 
charge) is puzzling but may be indicative of a specific genetic 
source. 
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TABLE 12. Pairs of Elements With High 
Correlation Coefficients in 
Sphalerite Concentrates from 
Balmat-Edwards Ore Bodies. 
Zn-Fe -.97 
Zn-Hg +.75 
Fe-Mn +.42 
Ag-Pb +.63 
Ba-Ag +.55 
Ge-Co +.91 
Ge-Sr +.93 
Co-Sr +.95 
Pb-Sr +.56 
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The correlation-coefficient diagram for the Fowler Structure 
(6 samples, 11 elements) shows somewhat different results (Table 
13).  A strong negative correlation exists between Zn and Fe, Zn 
and Ca, and Zn and Mn. A strong positive correlation is present 
between Zn and Cd; Pb and Ag; and Ca and Mg (Table 14). 
The factor loadings (Table 15) for the sphalerite concentrates 
from the Balmat-Edwards ore bodies reveal that three geologically 
interpretable factors are responsible for over 60% of the total 
variation in the data matrix (10-factor model).  The factor com- 
ponents are summarized in Table 16. 
Factor 1 is interpreted as the Impurity Factor which consists 
of Sr, Co, Ge, Ag with lesser contributions from Pb, Ba, In, Sb, 
Ca. Factor 2 is interpreted as the Major and Minor Element Factor. 
This factor includes Zn and Hg plus a negative contribution from 
Fe.  Factor 3, represented by Mg and Si, is interpreted as the 
Gangue Factor which reflects the dolomite and quartz components of 
the host rocks. 
The factor loadings for the sphalerite concentrates from the 
Fowler Structure include three factors which are similar to those 
for sphalerite concentrates from the Balmat-Edwards ore bodies. 
These factors are responsible for over 90% of the variation (Table 
17 and 18). Factor 1, the major-minor eleaent factor consists of 
Fe and Mn (positive) and Zn and Cd (negative). Factor 2, desig- 
nated the impurity factor, consists of Hg, Ca, and Hg (positive) 
and Pb and Ag (negative). Factor 3 reflects the Si contribution 
from the host rocks. 
102 
CO 
CD 
•u 
(0 
M 
•P 
c 
CD 
u 
c 
8 
CD ^ ■p to 
•H •P 
M c 
CD CD 
rH a (0 CD 
45 rH 
a CD 
CO 
rH 
^ rH 
X 
•H I 
M ■P to 
2 CD r-t R< ■P 
C 9 cu CO 
o vD 
•H •—^ 
>W 
M-l CD 
CD 
s 3 4J 
1 O 
c 3 
o H 
•H ■P 
4J to 
CO 
rH u 
CU CD 
H tH 
U > 
8 o 
CO 
X 
8 
en 
2 
s 
0) 
c 
tsi 
CD 
CO 
CN 
CO 
n 
o 
cn 
in 
in 
in 
o o 
m 
CO 
vo in 
10  CO 
vD 
CO 
o\     CO 
cn 
in 
CO 
<N 
rH 
in 
m 
rH   CO 
O  rH 
CO 
CN 
CN 
CN 
VO 
O 
CO 
vr 
CO O 
o 
CO 
o 
CN in 
CN CO 
VD 
5T cn 
o 
o 
CN CO vO vo 
o 
o 
CO 
CN 
CO 
<N 
en 
vo 
o r» 
o cn 
vo CO 
I   rH 
O  rH  rH 
CO  Tf  m 
in 
in 
o 
CO 
o o 
en 
vo VO GO 
VO o 
I   rH 
co 
o CN CM O O 
CO 
n CN 
CN 
co 
m 
CN 
CN 
CN 
VO  rH 
^J-  CO 
o 
o 
CN 
CN 
m 
in 
CO 
vo 
CN CO 
CN 
I   rH 
rH  O 
r^ o 
rH  O 
CO  rH co 
co 
CN 
I   rH 
O  rH 
o r- 
CO 
r 
CO 
rH 
I 
VO 
r- CN 
CO  rH 
O  O 
O  CN 
O  rH 5f 
CO 
m 
o 
CO 
CO 
vo 
vo 
CO 
m 
CO 
in 
co 
m co ^r co ro cn rH vo co 
r<-  CO  CN  rH  CO  VD  rH 
&£ZZ&3$882$ 
f 
o 
c 
•H 
N 
CD 
O 
C3 
CO 
>1 
"S 
> 
o 
ft 
•o 
<0 
o 
103 
TABLE 14.  Pairs of Elements With High 
Correlation-Coefficients in 
Sphalerite Concentrates from 
the Fowler Structure. 
Zn-Cd .93 
Zn-Fe -.75 
Zn-Mn -.74 
Zn-Ca -.81 
Pb-Ag +.80 
Ca-Mg +.94 
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TABLE 15. Varimax Rotated Principal Axis Factor 
Loadings, Sphalerite Concentrates from 
Balmat-Edwards Ore Bodies. 
F 1 F 2 F 3 
Zn -.116 .923 -.187 
Fe -.002 -.946 .038 
Cd .200 .313 .281 
Mn .418 -.447 .163 
Cu -.131 .140 .410 
Ag .673 -.424 .346 
Hg -.215 .800 -.234 
Pb .533 -.251 .464 
In .467 -.184 .077 
Sn -.166 .559 .344 
Sb .447 .365 .476 
Ge .930 .004 .094 
Co .972 -.040 .119 
Ba .495 -.388 -.118 
Sr .967 -.153 .042 
Ca .435 -.001 .204 
Mg .148 -.067 .901 
Si .078 -.297 .847 
Variance: 
26.009 20.526 14.772 
Cumulative Variance: 
26.009       46.535 61.307 
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TABLE 16. Summary of Factor Loadings, Sphalerite 
Concentrates from Balmat-Edwards Ore Bodies. 
F.    Sr Co Ge Ag     with minor contribution 
.. + .97 +.97 +.93 +.67   from    Pb Ba Sb In 
+.53 +.5 +.45+.47 
F_    -Fe .Hg  Zn 
-.95 +.8 +.92 
F3     Si,  Mg 
+.85  +.90 
106 
TABLE 17.  Varlmax Rotated Principal Axis Factor 
Loadings, Fowler Structure. 
F 1 F 2 F 3 
Zn -.950 -.213 -.001 
Pb -.322 -.912 -.071 
Fe .858 -.478 .015 
Cd -.966 -.180 -.073 
Mn .784 .330 -.390 
Cu .118 .514 -.496 
Ag -.110 -.927 .123 
Hg -.407 .852 .322 
Ca .696 .665 .269 
Mg .576 .771 .144 
Si .089 .240 .952 
Variance: 
39.131        38.103        13.878 
Cumulative Variance: 
39.131        77.234        91.113 
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TABLE 18.  Summary of Factor Loadings, Sphalerite 
Concentrates from Fowler Structure. 
F       Zn   Fe   Cd   Mn 
-.95  +.86  -.97  +.78 
F0       Pb   Ag  Hg 
-.91  -.93  .85 
2 
F,        Si 
+ .95 
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Cluster analysis results in a printed dendrogram (Fig. 16) 
for the sphalerite concentrates from the Balmat-Edwards ore 
bodies.  This is a convenient graphical representation of the 
similarities between samples based on a distance function calcu- 
lated from the previously established sample factor scores. The 
lower the value of the distance function, the greater the 
similarity between the samples. The cluster diagram effectively 
shows a two- (or three-) cluster model with the samples grouped 
into distinct geochemical clusters. A three-cluster model groups 
the ore bodies in their respective mine ore body groupings. The 
two-cluster model groups the #4 and #3 mine ore bodies into a 
single geochemical group. 
The distance function values also show similarities between 
the following: 
a) D-3 and Wight ore bodies which have a unique 
position in the data matrix 
b) Hyatt ore bodies and the #4 mine Fowler group 
of ore bodies 
c) Lower Gleason ore bodies and the #4 mine 
Fowler group of ore bodies 
d) Upper and Lower Sylvia Lake ore bodies and 
the #4 mine Fowler group of ore bodies 
e) Edwards and Main & Streeter ore bodies in 
the #2 mine group of ore bodies. 
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To aid in the interpretation and evaluation of geochemical 
trends in the sphalerite concentrates, a graphical representation 
of the geochemical variations as a function of the stratigraphic 
and structural position of the ore bodies was designed. This 
was done by plotting significant elements on stratigraphic and 
structural sections. The structural diagram is a generalized 
vertical section on which are projected the locations of the com- 
posite ore-body samples (Figs. 17 and 19). The stratigraphic 
section is a reconstruction of the Precambrian Grenville strati- 
graphic sequence and shows the vertical as well as lateral distri- 
bution of ore bodies (Fig. 18).  From these diagrams, a series of 
plots were made of the concentrations of significant elements. 
These constitute Appendices B, C, and D, and reference is made to 
them in the succeeding discussion. 
The stratigraphic diagrams revealed the following geochemical 
trends in the sphalerite concentrates: 
a) an upward stratigraphic increase in the 
Fl trace-impurity assemblage (includes 
Sr, Co, Ge, and Ag) 
b) an upward stratigraphic increase in Fl, 
Ba, and Pb concentrations 
c) an upward stratigraphic increase in the F2, 
Fe concentration 
d) an upward stratigraphic decrease in the F2, 
Zn and Hg concentrations. 
Ill 
FIGURE 17.  Balmat mines generalized section. 
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FIGURE 18.  Idealized predefonnational Balmat Stratigraphy. 
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FIGURE 19. Fowler Structure generalized section. 
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These trends are shown in summary form in Fig. 20.  Refer to 
Appendix B for these stratigraphic plots. 
The stratigraphic diagrams also revealed three groups of ore 
bodies with respect to their stratigraphic distribution. The ore 
bodies are distributed in a Lower horizon (#3 mine with Upper 
Fowler and Mud Pond ore bodies), Middle horizon (#4 mine with 
Sylvia Lake ore body), and Upper horizon (#2 mine with Edwards 
and Hyatt) which may represent three major ore-forming cycles. 
The ore horizons, in general, show little or no correlation with 
the occurrence of anhydrite. 
Excellent lateral stratigraphic correlation is apparent in 
some parts of the section.  This lateral stratigraphic correla- 
tion within the Lower ore horizon effectively links the #3 mine 
Loomis-Gleason ore with the #4 mine Upper Fowler-Mud Pond ore. 
Good correlation exists in the Middle ore horizon between the 
Fowler-Sylvia Lake ore bodies.  The Upper stratigraphic ore hori- 
zon shows more variability and less correlation between the ore 
bodies.  Refer to Appendix B for these stratigraphic plots. 
The American and the #1 Zone ore bodies which occur within 
the Lower and Middle stratigraphic ore horizons, respectively, 
are not geochemically correlatable with other ore bodies in the 
same stratigraphic interval so that they appear to be anomalous 
geochemically. These results may complicate significantly any 
genetic interpretations regarding these geochemical variations. 
However, the strong geochemical similarities of the American and 
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#1 Zone ore bodies with the ore bodies of the Upper ore horizon, 
such as Main & Streeter and 0-3, suggest the possibility of 
structural re-emplacement of the American and #1 Zone ore bodies 
from the Upper ore horizon to the Lower and Middle horizons. This 
would require mobilization of the sulfides along some as yet unknown 
structure which would cross several stratigraphic units. 
In a purely stratigraphic interpretation, which discounts 
any large scale structural transport of sulfides, the position and 
sphalerite chemistry of the American and #1 Zone ore bodies implies 
extensive lateral geochemical variation. The lateral geochemical 
variation of the sphalerite would be of similar magnitude and 
character as the vertical stratigraphic variation. Considerable 
lateral variation may also be apparent in the Upper ore horizon 
as is evidenced by a comparison of the Hyatt mine ore bodies with 
those of the #2 mine, Main & Streeter, and D-3 ore bodies. 
The structural diagrams show a distinct clustering into 
three structural positions which represent the deformed equiva- 
lents of the Lower, Middle and Upper ore horizons. The structural 
positions include: 
1) Balmat syncline (B) - Upper 
2) Fowler syncline (F) - Middle 
3) North West Limb of Fowler syncline (NWL) - Lower. 
The resulting NWL-F-B trends are in accord with the major upward 
stratigraphic variations discussed above. The American and #1 
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Zone ore bodies are structurally clustered with the ore bodies 
of the Balmat syncline with which they show an excellent geo- 
chemical correlation.  This strengthens the hypothesis that these 
ore bodies have been structurally transported to their present 
stratigraphic positions. Refer to Appendix C for these 
structural plots. 
Superimposed on this large-scale trend are some small-scale 
structural trends. These include principally high concentrations 
of Pb in sphalerite from the noses of the Fowler and #1 Zone 
folds.  This is probably due to the relatively high plasticity of 
galena with its resultant concentration by plastic deformation 
into these localities and the re-equilibration of the associated 
sphalerite with its new co-existing phases. 
The structural diagrams of significant elements in sphalerite 
concentrates from the Fowler Structure are included in Appendix D. 
The variation exhibited by these elements is small and any trends 
are obscure. The effects of sampling can be seen in the Factor 2 
Pb distribution. The anomalously low Pb values in the sphalerite 
of the galena-rich Horsetail ore is undoubtedly a reflection of 
sample distribution.  If the Lower Limb and Upper Limb Pb values 
are considered representative, then this may indicate the emplace- 
ment of sphalerite and galena from the axial plane into these 
limb ore bodies. 
The reason for the color change from brown to yellow in 
sphalerite from localized areas of the Horsetail ore structure in 
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the presumed direction of transport remains enigmatic. The qualita- 
tive analysis of these two colors of sphalerite from the Horsetail 
ore structure show principally a large increase in the Pb content 
of the sphalerite. The concentration of Fe is low throughout the 
color range so that color induced by other elements may become 
apparent.  At Vihanti (Rouhunkoski, 1968) and similarly at 
Balmat, isolated meter-sized aggregates of light colored sphalerite 
occur in darker sphalerite ore without any obvious relationship 
to deformational structures.  Rouhunkoski (1968) has attributed 
this to the original heterogeneity of the primary mineralization. 
Further consideration of the origin of color in sphalerite 
points to the role of total impurity substitution in controlling 
the darkness of sphalerite.  The effect of non-stoichiometry on 
the color of sphalerite in which excess sulfur results in darken- 
ing has not been evaluated (Togari, 1961; Scott & Barnes, 1972). 
Plastic deformation and recrystallization may cause a re-equilibra- 
tion of sphalerite to a more stoichiometric composition through 
defect interaction.  Non-stoichiometry in sphalerite may also be 
related to increased impurity substitution. 
The observed geochemical trends in the compositions of 
sphalerite concentrates from the Balmat-Edwards ore bodies suggest 
a predominantly syngenetic geochemical control for the zinc 
mineralization.  Minor modifications of sphalerite composition by 
plastic deformation may be due to re-equilibration of the 
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sphalerite with a new set of mechanically injected co-existing 
phases. 
Sources of Metals 
The stratigraphic geochemical control appears to be primary 
and provides both clues and constraints regarding any genetic 
interpretations for the Balmat-Edwards zinc deposits. The 
pertinent stratigraphic trends and geochemical characteristics 
involved include the following: 
a) Zn-Pb-Cu assemblage with pyrite, 
b) hosted by an evaporite-bearing 
carbonate sequence, 
c) cyclicity in ore-forming process 
with three major ore-forming cycles, 
d) upward stratigraphic increase in Fe 
and trace impurity substitution in 
sphalerite, 
e) high Hg concentrations in sphalerite 
which decrease upward stratigraphically. 
The relatively low Cu/Zn + Pb metal ratios as at Balmat- 
Edwards have been suggested as being indicative of an effusive 
felsic volcanic environment (Shimazaki, 1975; Graf, 1977). 
Similar ratios of Cu/Pb + Zn are found in deposits directly 
associated with felsic volcanism at Buchans, Newfoundland 
(Thirlow, et al., 1975). Although the direct association of 
the zinc deposits at Balmat-Edwards with volcanics is tenuous 
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at this point, certain trace elements within the sphalerite point 
to a felsic volcanic source rock for the metallic constituents. 
The high Sr concentrations in sphalerite concentrates from Balmat- 
Edwards suggest feldspar as a likely source for this element. 
Additional elements such as Pb, Ba, and REE's would be provided 
in association with the Sr. 
The relative Co and Ni concentrations in Balmat-Edwards 
sphalerite (Co/Ni < 1) (Doe, 1962a) have also been suggested as 
indicative of an association with volcanics of a granitic-type 
parent magma (Loftus-Hills & Solomon, 1967). The strong correla- 
tion between Sr, Co, and Ge may indicate a common genetic source. 
This may indicate a feldspar-rich volcanic rock as source with the 
Sr contributed from the feldspars and the Co and Ge from the 
associated mafic minerals. 
The presence of Zn in volcanic rocks is evident from Table 19. 
o 
Its small ionic size (0.74A) suggests its presence in the mafic 
minerals where as its association with Pb suggests the feldspars 
as a host.  Small quantities (10-100 ppm) of Zn have been reported 
in both pyroxenes and feldspars (Graf, 1977). 
These trace elements may be released by leaching of the 
individual minerals by seawater (Graf, 1977). A similar assemblage 
of trace elements (Mn, Fe, Co, REE, Cu, Pb, Ga) are also found to 
be depleted (relative to chilled glass) in the centers of mid- 
oceanic pillow basalt flows (Corliss, 1971).  It is thought that 
these elements are concentrated in the residual differentiated 
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TABLE 19. Average Pb, Zn and Cu Contents of Volcanic Rocks, 
Shales, and Greywackes (ppm) 
Cu Pb Zn 
Cenozoic 
island arc 
volcanics 
Cenozoic 
Andean 
volcanics 
basalt 
andesite 
rhyolite 
basalt 
andesite 
rhyolite 
80 3.5 — 
52 5 — 
20 3 — 
47 3.5 74 
30 12 59 
60 35 48 
Mesozoic 
ocean floor 
basalts 
(Cyprus) 
means of 
groups, 
2000 
analyses 
64-82 51-74 
Cenozoic 
oceanic 
tholeiite 
range of 
12 analyses 
58-72   3-<2 
Archaean 
volcanics 
mafic (andesite 
and basalt), 
254 analyses 
92 7.0   101 
felsic (dacite 
and rhyolite), 
60 analyses) 
44 7.6    72 
calc-alkaline 116 
basalt 
calc-alkaline 96 
andesite 
calc-alkaline M3 
rhyolite 
Shales average 45 
Greywackes average 45 
20 
99 
85 
^55 
95 
60 
From Solomon (1976). 
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liquids upon cooling and are easily scavenged by reaction with 
seawater. 
Genetic Models 
Brongersma-Sanders (1968) and Bechstadt (1975) noted a 
geographical association of stratabound ore deposits with 
evaporites.  Thermal upwelling and rifting leads to enrichment 
of metals in the marine sediments and the development of arid 
evaporative environments. An association of Zn with rifting 
and thermal upwelling is shown at Lake Kivu, East Africa by 
Degens et al. (1972).  Here, micron-sized spherical organic 
particles presumably formed by degassing of magmatic water at 
depth were found to be effective in scavenging Zn from the water 
column and precipitating sphalerite which then remained suspended 
in the water column.  The origin of the Zn and the degassing 
waters was attributed to thermal upwelling and volcanism along 
the East African Rift. 
The upward stratigraphic geochemical variation in Balmat 
sphalerite observed in this study is suggestive of volcanism as 
a source for the metallic constituents.  The prominent Fe and 
other trace element enrichment of the sphalerite has strong 
similarities to well known magmatic differentiation trends.  If 
the feldspathic phenocrysts and glass are considered to be the 
source of the metallic ore constituents as suggested by Graf 
(1977), their composition should reflect the changes in composition 
of the fractionating parent magma. Enrichment of Fe and other trace 
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elements (Thirlow, et al., 1975; Jakes & White, 1972) in the 
residual magmatic liquids is prominent only in the tholleiitic 
magmas. This enrichment should be reflected in the feldspathic 
material extracted from that liquid during volcanic activity. 
Leaching of successively more impurity-rich feldspathic material 
in a volcano-sedimentary pile should result, upon local precipita- 
tion of sphalerite, in an upward stratigraphic variation in its 
composition. 
The high Hg values at Balmat compared with other zinc sulfide 
ores (Jolly & Heyl, 1968; Jonasson & Sangster, 1974; Sears, 1971) 
may be indicative of high-Hg subcontinental hot-spring activity 
(Ozerova, et al., 1975).  Late volcanic activity in submarine 
environments as in Kuroko-type deposits generally results in a 
low Hg concentration.  The decreasing Hg content of the sphalerite 
in the higher stratigraphic intervals, however, remains problematic. 
In conjunction with a high-Hg affiliation, developing volcanism 
through a thick continental crust might result in this type of Hg 
zonation in sphalerite by either of two mechanisms.  If the Hg is 
presumed to be magmatic, its volatility would insure its transport 
and incorporation in the developing sediment pile during the 
earliest stages of rifting volcanism.  If the Hg was leached from 
the continental crust, the earliest fluids ascending the incipient 
rifts would leach and transport Hg because of its volatility to 
the lower part of the developing volcano-sedimentary pile. Vir- 
tually no Hg would be available for later volcanic cycles. 
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CONCLUSIONS 
It has been demonstrated that spark-source mass spectroscopy 
is applicable to studies of sulfide ore minerals.  Trace-element 
data may be obtained from powdered as well as single-crystal 
samples.  Trace-element studies may be carried out at the ppb 
level but routine analysis is restricted to the ppm level.  The 
full-spectrum exposure which includes every element on a single 
photographic plate makes spark-source mass spectroscopy an 
excellent tool in exploratory mineral chemistry.  For routine 
analysis, the limitations are principally:  (1) the long exposure- 
time requirements to obtain analyses in the low ppm range, 
(2) sample-matrix interactions which may result in complex spectra, 
(3) the lack of established sensitivity coefficients for a sulfide 
matrix which then requires the application of theoretical approxi- 
mations, and (4) quantification in a photoplate detection system 
may be intricate in order to achieve an acceptable level of preci- 
sion. 
A study of the major-, minor-, and trace-element contents of 
sphalerite concentrates from the Balmat-Edwards ore bodies yields 
the following conclusions: 
1) The trace-element content of sphalerite 
appears to be stratigraphically controlled 
and shows an upward stratigraphic decrease 
in Zn and Hg, and an increase in Fe, Fe/Zn, 
Pb, Ba, and the trace-element assemblage: 
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Sr, Co, Ge, and Ag. 
2) The stratigraphic geochemical trends in the 
composition of sphalerite may reflect Fe- 
enrichment in a differentiating tholeiitic 
source magma. The metallic ore constituents 
were presumably leached from felsic-rich 
pyroclastic material. 
3) High Hg in the sphalerite is attributed to 
incipient hot spring activity through a 
thick continental crust. The upward strati- 
graphic decrease in Hg may be caused by its 
early release from the source and transport 
by the first volatile-rich hot spring waters. 
4) The geochemical and geological data are 
compatible with a model in which the environ- 
ment of formation is a shallow continental 
sea with intermittent evaporative conditions 
in which carbonate muds and minor anhydrite 
accumulated. Thermal upwelling and rift 
volcanism may have played an important role. 
Zinc-rich deposits developed by submarine- 
exhalative processes. 
5) Mass transport of sulfides by plastic flow to 
structurally favorable sites resulted in 
considerable modification of the original 
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mineralogical proportions of the ore due 
to differences in plasticity.  This process 
would increase the galena/sphalerite ratio 
and decrease the pyrite/sphalerite ratio of 
plastically deformed ore materal.  Changes 
in sphalerite composition as a result of 
plastic deformation were interpreted to involve 
re-equilibration of sphalerite with a new 
assemblage of mechanically injected co-exist- 
ing phases.  The increased proportion of galena 
may be correlated with an increase in the Pb 
concentration in the co-existing sphalerite. 
In summary, the results of this study (a) establish the 
dominance of a stratigraphic geochemical control on the sphalerite 
composition with an upward stratigraphic increase in Fe and trace 
impurities and a corresponding decrease in Hg, (b) suggest a 
distal tholeiit,ic magmatic source for the metallic ore constituents 
and (c) suggest that the stratiform Zn ore bodies of the Balmat- 
Edwards district represent submarine-exhalative accumulations 
associated with a rifted continental margin. 
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APPENDIX A 
RESULTS OF TRACE ELEMENT ANALYSES OF SPHALERITE 
CONCENTRATES BY SPARK-SOURCE MASS SPECTROSCOPY: 
MULTIPLE DETERMINATIONS, MEANS, AND STANDARD DEVIATIONS. 
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APPENDIX A 
SAMPLE:  MAIN AND STREETER 
Element 
No. of 
Determinations Mean (ppm) 
SAMPLE:  HANGING WALL D-3 
Element 
No. of 
Determinations Mean (ppm) 
Standard 
Deviation 
(% of Mean) 
Ba 11 600 297 (50) 
Sr 13 250 103 (41) 
Sb 10 30 6.8 (23) 
Sn 5 19 1.3 (6.8) 
In 5 10 2.1 (21) 
Ge 5 10 1.4 (14) 
Co 5 9 2.2 (24) 
Standard 
Deviation 
(% of Mean) 
Ba 2 5800 3580 (62) 
Sr 8 450 94 (21) 
Sb 4 20 4.9 (24) 
Sn 2 14 0.0 (0) 
In 2 10 2.0 (20) 
Ge 2 7 3.0 (43) 
Co 2 27 15.0 (56) 
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APPENDIX A (cont'd) 
SAMPLE:  UPPER GLEASON 
Element 
No. of 
Determinations Mean (ppm) 
SAMPLE:  LOWER GLEASON 
Element 
No. of 
De terminations Mean (ppm) 
Standard 
Deviation 
(% of Mean) 
Ba 4 17 3.9 (23) 
Sr 10 23 6.2 (27) 
Sb 4 9 3.6 (40) 
Sn 2 8 2.5 (31) 
In 2 2 0.8 (40) 
Ge 2 6 1.8 (30) 
Co 3 2 0.6 (30) 
Standard 
Deviation 
(% of Mean) 
Ba 4 830 406 (49) 
Sr 14 155 64 (41) 
Sb 12 28 7.6 (27) 
Sn 6 15 4.6 (31) 
In 6 6 0.8 (13) 
Ge 6 9 1.7 (19) 
Co 4 24 9.6 (40) 
143 
APPENDIX A (cont'd) 
SAMPLE:  LOOMIS C (composite A&B) 
Element 
No. of 
Determinations Mean (ppm) 
SAMPLE:  LOOMIS A 
Element 
No. of 
Determinations Mean (ppm) 
Standard 
Deviation 
(% of Mean) 
Ba 8 470 158 (34) 
Sr 13 130 49 (38) 
Sb 8 40 9.4 (24) 
Sn 4 22 7.2 (33) 
In 5 8 1.4 (18) 
Ge 5 10 3.4 (34) 
Co 5 10 2.2 (22) 
Standard 
Deviation 
(% of Mean) 
Ba 4 340 115 (34) 
Sr 4 200 37 (18) 
Sb 8 45 21 (47) 
Sn 4 28 10 (36) 
In 4 15 2.9 (19) 
Ge 2 18 3.1 (17) 
Co 2 20 5.3 (26) 
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APPENDIX A (cont'd) 
SAMPLE:  LOOMIS B 
Element 
No. of 
De terminat ion s Mean (ppm) 
SAMPLE:  FOWLER COMPOSITE 
Element 
No. of 
Determinations Mean (ppm) 
Standard 
Deviation 
(% of Mean) 
Ba 7 650 196 (30) 
Sr 14 420 201 (48) 
Sb 10 250 74 (30) 
Sn 6 65 18.6 (29) 
In 5 28 9.2 (33) 
Ge 5 27 8.9 (33) 
Co 5 32 6.1 (19) 
Standard 
Deviation 
(% of Mean) 
Ba 9 43 18 (42) 
Sr 14 95 35 (37) 
Sb 8 16 8.7 (54) 
Sn 4 7 2.8 (40) 
In 4 2 1.1 (55) 
Ge 5 5 2.4 (48) 
Co 2 25 13 (52) 
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APPENDIX A (cont'd) 
SAMPLE:  UPPER FOWLER A 
Element 
No. of 
Determinations Mean (ppm) 
SAMPLE:  UPPER FOWLER B 
Element 
No. of 
Determinations Mean (ppm) 
Standard 
Deviation 
(% of Mean) 
Ba 3 65 21 (32) 
Sr 8 100 36 (36) 
Sb 6 22 8.5 (39) 
Sn 3 30 7.5 (25) 
In 3 12 1-7 (14) 
Ge 3 8 1.3 (16) 
Co 3 8 1.3 (16) 
Standard 
Deviation 
(% of Mean) 
Ba 3 180 46 (26) 
Sr 6 235 74 (31) 
Sb 6 95 33 (35) 
Sn 4 85 29 (34) 
In 4 18 5.6 (31) 
Ge 2 33 6.4 (19) 
Co 2 24 6.8 (28) 
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APPENDIX A (cont'd) 
SAMPLE:  UPPER SYLVIA LAKE 
Element 
No. of 
Determinations Mean (ppm) 
SAMPLE:  LOWER SYLVIA LAKE 
Element 
No. of 
Determinations Mean (ppm) 
Standard 
Deviation 
(% of Mean) 
Ba 4 100 56 (59) 
Sr 9 320 178 (56) 
Sb 4 70 29 (41) 
Sn 2 50 36 (72) 
In 1 10 —  — 
Ge 1 12 —  — 
Co 2 20 14 (70) 
Standard 
Deviation 
(% of Mean) 
Ba 6 270 144 (53) 
Sr 10 290 150 (52) 
Sb 6 60 19.0 (32) 
Sn 3 30 10.3 (34) 
In 3 5 2.5 (50) 
Ge 4 20 10.6 (53) 
Co 3 24 5.3 (22) 
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APPENDIX A (cont'd) 
SAMPLE:  MUD POND 
Element 
No. of 
Determinations Mean (ppm) 
SAMPLE:  NUMBER ONE ZONE 
Element 
No. of 
Determinations Mean (ppm) 
Standard 
Deviation 
(% of Mean) 
Ba 10 120 37 (31) 
Sr 14 200 69 (34) 
Sb 10 50 8.9 (16) 
Sn 5 32 7.5 (23) 
In 5 12 2.4 (20) 
Ge 5 17 4.6 (27) 
Co 5 30 7.0 (23) 
Standard 
Deviation 
(% of Mean) 
Ba 16 45 19 (42) 
Sr 14 660 118 (18) 
Sb 8 50 13 (26) 
Sn 4 25 6 (24) 
In 3 5 1.5 (30) 
Ge 3 14 3.6 (26) 
Co 4 28 18 (64) 
148 
APPENDIX A (cont'd) 
SAMPLE:  AMERICAN 
Element 
No. of 
Determinations Mean (ppn) 
SAMPLE:  WIGHT 
Element 
No. of 
Determinations Mean (ppm) 
Standard 
Deviation 
(% of M«an) 
Ba 12 55 33 (60) 
Sr 11 420 176 (42) 
Sb 12 50 16 (32) 
Sn 3 20 8.4 (42) 
In 6 70 35 (50) 
Ge 6 25 5.4 (22) 
Co 6 23 5.0 (22) 
Standard 
Deviation 
(% of Mean) 
Ba 11 140 82 (59) 
Sr 12 250 138 (55) 
Sb 6 30 18 (60) 
Sn 3 23 13 (56) 
In 2 3 0.4 (13) 
Ge 2 5 0.2 (4) 
Co 4 23 11 (48) 
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APPENDIX A (cont'd) 
SAMPLE:  EDWARDS 
Element 
No. of 
Determinations Mean (ppn) 
SAMPLE:  HYATT 
Element 
No. of 
Determinations Mean (ppm) 
Standard 
Deviation 
(% of Mean) 
Ba 7 1480 550 (37) 
Sr 14 300 100 (33) 
Sb 8 10 2.6 (26) 
Sn 4 10 2.6 (26) 
In 3 3 0.4 (13) 
Ge 4 20 6.2 (31) 
Co 4 10 2.1 (21) 
Standard 
Deviation 
(% of Mean) 
Ba 3 3350 925 (28) 
Sr 5 4500 1870 (42) 
Sb 4 130 7.2 (6) 
Sn 1 <1 — 
In 2 43 3.0 (7) 
Ge 2 95 5.1 (5) 
Co 2 110 26 (24) 
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APPENDIX A (cont'd) 
Element 
No. of Standard       Range 
Deviation Determinations  (% Mean) 
Average (as % Mean) 
Standard Deviation 
Ba 
Sr 
Sb 
Sn 
In 
Ge 
Co 
18 
18 
18 
17 
17 
17 
18 
23-62 
18-56 
6-60 
0-72 
7-55 
4-53 
19-70 
43 
37 
32 
32 
26 
26 
34 
Overall average standard deviation for this method 
for all elements (as % of mean) 33% 
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APPENDIX B 
STRATIGRAPHIC DISTRIBUTION OF SIGNIFICANT ELEMENTS: 
IDEALIZED PREDEFORMATIONAL BALMAT STRATIGRAPHY. 
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APPENDIX C 
STRUCTURAL DISTRIBUTION OF SIGNIFICANT ELEMENTS! 
BALMAT MINES GENERALIZED SECTION. 
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APPENDIX D 
STRUCTURAL DISTRIBUTION OF SIGNIFICANT ELEMENTS: 
FOWLER STRUCTURE GENERALIZED SECTION. 
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Undergraduate education was acquired at Northeastern University 
with the B.S. degree (1975). Professional experience has included 
research assistant in Environmental Health Sciences at Harvard 
School of Public Health (1972-1974); geologist with Woodward, 
Moorehouse and Associates (1974); Summer field work for Main 
Geological Survey (1975) and Heston Geophysical Research, Inc. 
(1976); and as a mining geologist for St. Joe Zinc Company 
(summer, 1977).  Teaching experience has been through a teaching 
assistantship at Lehigh University (1976-1978) and as an instructor 
in Global Tectonics and Economic Geology at LaSalle College (1978- 
1979). Upon receipt of the M.S. degree from Lehigh University, 
he will enter a doctoral program under J. F. Dewey at the State 
University of New York at Albany. 
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